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Graphene is another form of carbon material which has many outstanding properties 
such as large surface area, high Young’s modulus, high charge carrier mobility, good 
thermal conductivity and excellent transmittance properties. Graphene can be 
synthesized by different methods and can be readily prepared in both solid powder 
and colloidal aqueous dispersion. Furthermore, graphene as a carbon material has 
potential to form composites with other materials such as metal nanoparticles, 
conducting polymer and other forms of carbon material such as carbon nanotubes. As 
part of this research, graphene was prepared from graphene oxide as a colloidal 
aqueous dispersion; keeping in mind its facile synthesis and versatility of use. 
Electrophoretic deposition (EPD) was employed through all research work as it is a 
superior method to produce graphene /graphene composite electrodes from 
graphene/graphene composite colloidal aqueous dispersions. 
 
The investigation of graphene composite materials began with the combination of 
graphene with platinum nanoparticles. The preparation of graphene:platinum 
composites electrodes was on ITO coated glass designed for the eventual applications 
of electrochemical catalysis in I-/I3
- for dye-sensitized solar cells (DSSC) and in sulfuric 
acid for hydrogen generation. The fabrication of these electrodes were achieved by 
two methods: (i) Electrophoretic deposition of platinum nanoparticles on to preformed 
electrophoretically deposited graphene (ITO/G/Pt electrodes), and (ii) electrophoretic 
deposition from a colloidal dispersion of a nanocomposite of graphene and platinum 
(ITO/G:Pt electrodes). Fabrication by both methods shows that platinum nanoparticles 
can be deposited on graphene sheets without the assistance of a linker or any other 
chemicals. Both types of fabricated electrodes show electrochemical catalysis 
behaviour in I-/I3
- for dye-sensitized solar cells (DSSC) and electrochemical catalysis 
behaviour in sulfuric acid for hydrogen generation from acid. The electrochemical 
active surface area (ECSA) of platinum was determined to compare both fabrication 




active surface area (ECSA) than the layered electrodes (ITO/G/Pt) due to the smaller 
size of the platinum nanoparticles that were compositely formed with the graphene.  
 
The second investigation was carried out with graphene and Poly(3,4-
ethylenedioxythiophene:polystyrene sulfonic acid (PEDOT:PSS). The aim of this 
electrode fabrication was to produce transparent graphene electrodes by an 
electrophoretic deposition on a non-conducting substrate (PVDF membrane) followed 
by printing of PEDOT layers on the graphene for electrochromics 
(PVDF/graphene/PEDOT electrodes). For electrochromics, the fabricated 
PVDF/graphene/PEDOT electrodes were rendered transparent by soaking with ionic 
liquid. The ionic liquid with smaller ions and lower viscosity was shown to be 
advantageous for the redox processes of PEDOT. The number of printed PEDOT layers 
and graphene electrophoretic deposition period were optimized to achieve the best 
electrochromic performances. The electrochromic performances (contrast and 
switching time) of PVDF/graphene/PEDOT electrodes were measured and compared 
with those of printed PEDOT electrodes without preformed graphene layers. 
PVDF/graphene/PEDOT electrodes show shorter switching times than printed PEDOT 
electrodes without graphene. This suggests that the graphene layers promoted more 
efficient PEDOT electrochemical oxidation and reduction resulting in switching times 
that were faster. 
 
The final investigation was on the combination of graphene with multi-walled carbon 
nanotubes (MWNTs) to serve as electrochemical supercapacitors material. The 
preparation of graphene and multi-walled carbon nanotubes composite materials was 
readily achieved by the sonication of graphene oxide (GO) with MWNTs to obtain 
graphene oxide and multi-walled carbon nanotubes composites (GO:MWNTs). The 
fabrication of graphene and multi-walled carbon nanotubes composite electrodes on 
glassy carbon substrates was achieved by two methods: (i) electrochemical reduction 
of electrophoretically deposited GO:MWNTs on glassy carbon electrodes, and (ii) 
electrophoretic deposition of chemically reduced GO:MWNTs composites using L-




electrochemical capacitance than graphene alone; as MWNTs serve as conducting 
wires which help to promote charge transfer in the system. However, LAA reduced GO 
and GO:MWNTs electrodes show higher electrochemical capacitance than GO and 
GO:MWNTs electrodes prepared by electrochemical reduction respectively. This can 
be explained by the presence of pseudo capacitance from remaining oxygen functional 
groups left after being reduced by LAA. Furthermore, LAA is also advantageous as a 
mild chemical reducing agent that can maintain the interaction between GO and 
MWNTs. 
 
In conclusion, a range of graphene composites with other materials have been 
successfully investigated and show promise for use in catalytic applications for DSSC 
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1.1  General introduction 
This thesis presents research work on the synthesis of graphene and graphene 
composites, and their electrophoretic deposition on to conducting as well as non-
conducting substrates. These novel electrodes were then investigated for various 
applications such as catalysis, electrochromics and supercapacitors. Therefore, 
literature surveys were carried out. 
 
1.2   Journey from carbon materials to graphene  
 
Nowadays, it has to be accepted that carbon materials play so many important roles 
in human life starting from the basic things in daily life to advanced applications in 
the science and technology fields in this nanotechnological era. Carbon and carbon 
composite materials have been selected as reinforced composite materials [1-5]. 
For example, they have been used as reinforced plastics, ceramics and tyres in the 
motoring industry. Furthermore, carbon has also been used in the electrochemistry 
field as carbon black, carbon paper and fibre support in battery applications [6-9]. 
 
Since the carbon atom contains four bonds and gives three kinds of hybridization 
(sp, sp2 and sp3) it is widely know that the hybridized sp orbital has two σ electrons 
joined together with two π electrons while the sp2 orbital contains three σ electrons 
with one π electron and the sp3 orbital only contains four σ electrons. It can be said 
that the different hybridizations yield different carbon bonds and lead to different 
structures. Typically, sp hybridization gives aliphatic hydrocarbons with triple bonds 
(alkyne) and single bond (alkane), whereas sp2 gives aromatic hydrocarbon 
structures and sp3 yields aliphatic hydrocarbons with all four single bonds. In 
overview, if we combine all sp, sp2 and sp3 in the molecular structure, a huge 
number of hydrocarbon structures can be produced by these hybridization. Finally, 
hydrocarbon structures can be developed towards carbon materials. To give a 
better understanding of carbon materials we can classify carbon materials into four 
families: graphite, fullerene, diamond and carbyne [10]. In this research, we are 




Graphene can be produced from graphite by mechanical exfoliation, chemical 
oxidation and other methods. Graphene is defined as a single layer of two-
dimensional sp2 carbon bonds obtained from the stacking of hexagonal carbon 
layers called graphite. However, graphite can be classified as hexagonal graphite or 
rhombohedral graphite, depending on the sequence of the graphene layer [10]. 
Graphene has many outstanding properties, including large surface areas up to 
2630 m2g-1 [11] (in theory), high Young’s modulus (1100 Gpa) [12] with fracture 
strength up to 125 GPa [12] , high charge carrier mobility (200,000 cm2V-1s-1) [13], 
and good thermal conductivity (5000 Wm-1K-1) [14]. Furthermore, graphene 
materials are only one atom thick and absorb a significant fraction of incident white 
light (around 2.3%) [15]. This gives graphene excellent transmittance properties, up 
to 97.7 percent [16-18] so that it can be used as a transparent conductive electrode 
material.  
 
There are many publications reporting methods used to produce graphene, both by 
physical and chemical methods. Generally, graphene has been prepared by 
chemical vapour deposition (CVD) [19, 20], mechanical exfoliation of graphite [21, 
22], using electrical insulating surfaces for epitaxial growth [23], and chemical 
preparation of graphene as a colloidal suspension [24]. K. S. Subrahmanyam  also 
reported four different methods to produce graphene [25] and studied its 
functionalization and solubilisation. The methods employed in the publications 
involved physical methods such as pyrolysis of camphor under reducing conditions, 
exfoliation of graphitic oxide, conversion of nanodiamond and arc evaporation of 
SiC. It was found that exfoliation of graphite oxide seemed to be the best method in 
terms of high surface area and smaller number of layers. However, graphene is not 
dispensable in water and therefore has to be treated (functionalized) with acid to 
induce formation of –OH (Hydroxy) functional groups or treated with polyethylene 
glycol [25] to make it dispersable. 
In the research presented in this thesis preparation of graphene as a colloidal 
dispersion by chemical reduction of graphene oxide has been employed. 




in electrode preparation by electrophoretic deposition (EPD) (EPD will be further 
discussed in the next section).  
 
The chemical route to produce graphene begins with the formation of graphite 
oxide, which can be synthesised by several methods. Most researchers produced 
graphite oxide by the Hummers method [26], Brodie’s method [27] and 
Staudenmaire’s method [28]. However, all methods rely on a similar principle and 
use strong acids and oxidants to oxidize carbon to produce a brown paste of 
graphite oxide. The structure of graphite oxide was proposed earlier by He et al. 
[29]. The structure was shown to be a hexagonal ring of sp2 carbon network bonded 
with oxygen functional groups (epoxide and hydroxyl group). Graphite oxide can be 
easily converted to graphene oxide by simple sonication [24, 30]. Zhu [18] adapted 
the structure of graphene oxide from the He model using solid-state nuclear 
magnetic resonance (SSNMR) experiments on 13C-labeled graphite oxide [31] as 
shown in Figure 1.1. Oxygen functional groups that exist on graphene oxide can be 
classified into four kinds: epoxide (-O-), hydroxyl (-OH), carbonyl (-C=O) and 




Figure 1.1 – Chemical structure of graphene oxide reproduced from Zhu [18]. Some 
minor functional groups at the edge of graphene sheet, such as carboxylic acid 





Gao et al. [33] used 13C NMR to investigate the structure of GO. The spectroscopic 
data show the new structure of graphene oxide which is composed of five- and six-
membered lactol rings, ester of a tertiary alcohol, hydroxyl groups, epoxy and 
ketone groups, as shown in Figure 1.2. However, The largest number of functional 
groups present in GO are the epoxy and hydroxyl groups, as proposed by He [29]. 
 
 
Figure 1.2 – Chemical structure of a new model of graphene oxide composed of 
five- and six-membered lactol rings (blue), ester of a tertiary alcohol (purple), 
hydroxyl group (black), epoxy (red) and ketone (green) groups. Reproduced from W. 
Gao [33]. 
 
Graphene oxide can be prepared as a colloidal aqueous dispersion due to the 
hydrophilic property which results from the hydroxyl and carboxyl groups and also 
the negative surface charge (zeta potential) [24] of graphene oxide itself, which 
results in high stability in an aqueous dispersion. The study of Li et al. [24] shows 
that the stability of graphene oxide dispersion comes from the repulsion of 
electrostatic forces of negatively charged graphene oxide, and this negative charge 
can be changed by adjusting the pH of the dispersion. Researchers use graphene 
oxide as a starting material to synthesize composites of graphene/graphene oxide 
with metal and metal oxide nanoparticles [34] and alloys, such as platinum, [35, 36], 
gold [37] Silver [38] ruthenium [39], MnO2 [40], ZnO2, [41], TiO2 [42, 43] and PtAu 





To obtain graphene, graphene oxide has to be reduced to eliminate oxygen 
functionalites. There are several chemicals and methods to produce graphene from 
graphene oxide, such as using hydrazine [24, 32], dimethylhydrazine [45], 
hydroquinone [46], sodium borohydride [37, 47, 48], L – ascorbic acid [49], sulphur-
containing compounds [50], aniline [51], thermal treatment [32, 52, 53], 
hydrothermal dehydration [54],  ultraviolet-assisted methods [42, 55], microwave-
assisted methods [56] , electrochemical reduction [57], and bacterial respiration 
[58]. In this work, we prepared colloidal graphene aqueous dispersion by reduction 
using hydrazine in basic conditions to suit electrophoretic deposition, as this is the 
main technique used throughout this thesis for electrode fabrication. Reduction of 
graphene oxide by hydrazine at the original pH of graphene oxide dispersion 
without ammonia resulted in agglomeration and restacking of graphene sheets. 
Thus, the pH had to be adjusted to 10 with ammonia, as indicated in Li’s procedure 
[24], to stabilize graphene sheets by electrostatic charge. This can be explained by 
the basic condition; carboxylic acid groups in neutral form can be converted to 
negatively charged carboxylate groups by ionization. The negatively charged 
carboxylate groups can prevent agglomeration and help stabilize graphene sheets in 
water by electrostatic charge repulsion.  
1.3 Electrophoretic deposition 
 
Electrophoretic deposition (EPD) is a process employing the migration of colloidal 
particles under the influence of a DC electric field. In general, the mechanism of 
electrophoretic deposition involves the movement of the colloidal particles under 
an electric field toward the electrode, followed by the deposition of these particles 
on the electrode surface to form a uniform film. Electrophoretic deposition can be 
divided into two types: anodic electrophoretic deposition and cathodic 
electrophoretic deposition [59]. If positively charged particles in solution move 
toward the negative electrode (cathode), then it is termed cathodic electrophoretic 
deposition. Conversely, anodic electrophoretic deposition is the movement of 
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Figure 1.3 – Schematic diagram showing cathodic electrophoretic deposition (a) and 
anodic electrophoretic deposition (b) 
 
The parameters influencing electrophoretic deposition have been reviewed by 
Bersa and Liu [59] about the particulate suspension in solution. The first parameter 
is the size of the particles, which could be around 1-20 µm [59] for ceramic and clay 
systems. However, electrophoretic deposition of particles smaller (such as 
nanoparticles) and larger than this range is possible, but care is needed to prevent 
the settling of large particles due to gravity. The important concept is that the 
mobility of particles in electrophoretic deposition must be high enough to 
overcome the force of gravity on the particles.  
 
The second parameter is the conductivity of the suspension. Ferrari and Moreno 
[60] proposed that highly conductive suspensions resulted in slower particle motion 
and very resistive suspensions lead to the loss of stability. However, a suitable 
conductivity region for electrophoretic deposition can be different for different 






















concentration and viscosity of the suspension, which should be of low viscosity and 
high concentration. This is because the deposition rates of particle species depend 
on the volume fraction of solid in the suspension. High volume fraction of solid 
resulted in an equal rate of deposition while a low volume fraction resulted in 
different deposition rates depending on the individual electrophoretic mobility of 
each species [61]. 
 
The fourth parameter, the zeta potential, is the most important parameter that 
affects the stability of a suspension and determinines the direction of charged 
particle movement. Higher values of zeta potential result in higher particle charge 
and greater stability, which can prevent the agglomeration of particles [62].  
However, very stable suspensions are not an advantage for electrophoretic 
deposition, because the electric force cannot overcome the repulsive forces 
between the particles, thus preventing deposition [63]. In contrast, lower stability 
suspensions are not good as well, because they tends to agglomerate more easily. 
Performing electrophoretic deposition with flocs of particles resulted in low density 
and non-uniform films on the substrate, and led to cracking of films later.  
 
Other parameters involved with the electrophoretic deposition process are 
deposition period and applied voltage. A number of reports point out that the 
deposition rate decreased when deposition time increased at a fixed applied field 
[64], and a longer deposition period does not contribute to an increase in thickness 
or deposition amount of material on the substrate. Wang et al. [65] showed that 
the deposition rate of ZnO nanoparticles on the substrate increased linearly during 
the initial deposition period and increased slowly until saturation at both low and 
high voltages (Figure 1.4). This report corresponded with work published by 
Zhitomersky et al. [66], as shown in Figure 1.5. The deposition of hydroxyapatite 
increased linearly at the early stage and reached the saturation stage. However, 
they seem to be more linear at a higher deposition potential for both experiments. 
In contrast, if the electrophoretic deposition potential was fixed, current density 




insulating layer on the substrate during electrophoretic deposition. Furthermore, 
this result corresponds to the relationship between thickness and deposition period 
illustrated in Figure 1.4 and 1.5. As we can see, the thickness increased linearly in 
the early stages resulting in a linear decrease in current at the initial stages as well 




Figure 1.4 – Relationship between thickness and deposition period of ZnO 
nanoparticles on copper substrate at different applied voltages. Reproduced from 






Figure 1.5 – Relationship between deposition weight and deposition period of 
hydroxyapatite at different applied voltages: (a) 10 V; (b) 50 V; (c) 100 V; (d) 200 V 
Reproduced from I. Zhitomirsky [66]. 
 
 
Figure 1.6 – Relationship between current density and deposition period of 
hydroxyapatite at different applied voltages: (a) 50 V; (b) 100; (c) 200 V. 





The last parameter is applied potential. As has been reported by Basu et al. [64], 
higher potentials resulted in higher deposition rates. However, it was found that the 
quality of the film can also be low. This is because higher applied potentials can 
disturb the particles and the surrounding medium while depositing, as can be seen 
from the results published by Negishi et al. [67] for the relationship of current 
density and electrophoretic deposition time of pure solvent.  It can be seen that 
current density was interrupted by the applied potential at higher voltages (Figure 
1.7). Furthermore, particles have insufficient time to arrange and pack themselves 




Figure 1.7 – Relationship between the current density stability of n-propanol at 








In summary, the dominant parameters which influence electrophoretic deposition 
are: applied potential, deposition time and concentration of particles in suspension. 
It can be noticed that a higher deposition rate can be obtained by increasing the 
applied potential, deposition time and concentration of particles in suspension. 
 
A comparison of the electrophoretic deposition technique with other coating 
techniques is given in Table 1.1. Electrophoretic deposition has distinct advantages 
in many applications such as in the fabrication of nanomaterials coatings. It can be 
said that electrophoretic deposition is superior than other coating techniques in 
terms of:  
 
(i) Uniformity of coating thickness without porosity; as the principle of 
electrophoretic deposition is based on the movement of the colloidal particles 
under an electric field. So the particles are deposited on the electrode by 
electrostatic force and we can control the particles deposition by adjusting the 
influencing parameters as discussed previously to allow these particles to deposit 
on the electrode surface uniformly. Good reproducibility is also obtained from the 
electrophoretic deposition technique as well.  
 
(ii) Adaptability to various shapes and sizes of substrates; even porous or hollow 
substrates can be coated.  
 
(iii) High purity of deposit; as the process of electrophoretic deposition depends on 
charged colloidal particles to move toward substrate electrodes under an electric 
field, so the desired charged particles are deposited on the desired electrode to 
afford a high purity of the deposited film.  
 
(iv) Lower risk of fire and chemical hazards; electrophoretic deposition is commonly 
performed in aqueous solvent. So it is safe and there is less risk to humans. The only 
disadvantage of using water as a solvent for colloidal suspensions in eletrophoretic 




(v) The variety of solvent that can be used; aqueous, non-aqueous or ionic liquid. 
Water is mainly used as a medium in electrophoretic deposition. However, non-
aqueous solvent or ionic liquid can be used if a zeta potential (charge) can be 
obtained for the colloidal particles suspended in non-aqueous solvent or ionic 
liquid.  
 
(vi) Low cost of fabrication, rapidity and versatility. The electrophoretic deposition 
technique needs less sophisticated equipment and does not require complex set up. 
The coating can be prepared easily, with versatility and low cost of operation and 
maintenance.  
 
(vii) Industrial applicability; electrophoretic deposition can be carried out on a small 
laboratory or on an industrial scale.  
 
(viii) Applicability to conducting substrates and adaptability for non-conducting 
substrates. In general, the operation of electrophoretic depositon needs conducting 
substrates because electric fields need to be generated between the anode and 
cathode to move the charged colloidal particles. However, it can be adapted for 
non-conducting substrates, for example, Matsuda et al. [68] used a thin conducting 
layer of graphite coating on one side of non-conducting substrate before 
electrophoretic deposition.  
 
(ix)  The ability to produce structural features with sizes ranging from nm to µm. The 
particle size on fabricated films by electrophoretic deposition can be controlled by 
controlling the particle size in the colloidal suspension. Desired films with a range of 
particle sizes can be obtained by this technique.  
 
(x) No requirement for post-deposition treatment. The electrophoretically 
deposited coating does not require any treatment such as annealing after solvent 




In terms of applications, EPD has been employed in the assembly of nanoparticles 
to form nanoparticulate films [69-71], solid oxide fuel cell (SOFC) fabrication [72], 
and hybrid material synthesis [73]. A review outlining the use of the electrophoretic 
deposition technique for carbon nanotubes (CNTs) and graphene for field emission 
devices and other applications [74, 75] shows electrophoretic deposition to be a 


















-   Fast, very simple. 
-   Adjustable size of droplets on specimens. 
-   Technique can be applied to various shapes and sizes. 
-   Economical cost. 
 
-    Hard to control the loss of materials from overspray. 
-    Hard to get complete coverage and uniformity over all of 
the specimen, especially in complex areas.  
-    Difficult to get uniform thickness. 
-    Solvent emissions. 
 
 
Drop casting  
 
-   Fast and very simple. 
 
 
-    Film thickness problem. 
-    Film structure may be different and not reproducible. 
-    Difficult to obtain good coverage over all of the 







Spin coating [76] 
 
-   Good reproducibility. 
-   Controllable film thickness from ultra-thin to thick film 
coatings. 
-   Achieves uniform thickness. 
-   Can be used both on conducting and non-conducting 
substrates. 
 
-   Flat and smooth surfaces needed to be used. 
-   Limitation on size and shape of substrates, which should 
be flat in shape only.  
-   High amount of material loss during spinning. 






-   Good reproducibility. 
-   Pattern printing and selected area printable. 
-   Controllable film thickness from ultra-thin to thick film 
coatings. 
-   Achieves uniform thickness. 
 
-   Flat and smooth surfaces needed to be used. 
-   Complex setup needed. 
-   Expensive equipment and instruments required. 
-   Difficult to operate. 
-   Printing materials (solution) need to be controlled in 
terms of viscosity and some other parameters to suit the 
print head and can be deposited on to the substrate. 








deposition [59, 78] 
 
-   Good reproducibility. 
-   Uniform coating thickness without porosity if potential 
kept at low levels. 
-   Adaptable to various shapes and sizes. 
-   High purity. 
-  Commonly used aqueous process has less risk of fire 
and chemical hazards.  
-   Solvent can be aqueous, non-aqueous or ionic liquid. 
-   Low cost, rapid, and versatile. 
-   Industrial applicability 
-  Used for conducting substrates but can be adapted for 
non-conducting substrates. 
-   Ability to produce structural features with sizes ranging 
from nm to µm. 
-   No post deposition treatment. 
 
 




1.4 Graphene and potential applications 
In this research work, we aim to study graphene and composites of graphene with 
platinum, (Poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) 
and multi-walled carbon nanotubes (MWNTs) in 3 different areas using the 
electrophoretic deposition technique. The three areas that we chose to study are: 
(i) using graphene and platinum for catalysis, (ii) combining graphene with PEDOT 
for electrochromics, and (iii) synergy of graphene and MWNTs for supercapacitors.  
 
(i) The first application is catalysis with composites of graphene and platinum. 
Scientists have studied oncarbon supported electrocatalysts which are of much 
interest nowadays. Examples include fuel cells [79] and proton exchange membrane 
fuel cells [80]. Carbon also has been found to be effective for particles dispersion. 
Many researchers have investigated carbon nanotubes (CNTs) as catalyst supports 
and found that CNT- based platinum nanoparticles show superior electrocatalytic 
activity [81-84]. As mentioned earlier, graphene exhibits superior properties, 
especially high specific surface areas of up to 2630 m2g-1 [11]. Researchers have 
given much attention to graphene’s use as a new support for catalysts; both metal 
and metal oxide nanoparticles have been deposited on graphene sheets to enhance 
their catalytic properties. Wang synthesized  hybrid materials of metal (PtRu)/metal 
oxide (SnO2) nanoparticles on graphene by a microwave-assisted one-pot reaction 
process [85]. It shows that PtSnO2/graphene is efficient for catalyzing ethanol 
electro-oxidation.  It can be seen that platinum can be used on carbon supporting 
materials, as they are good materials for both hydrogen oxidation and oxygen 
reduction at low temperatures [86].  Xin prepared platinum on graphene supports 
achieving enhanced aids the electrocatalytic activity for fuel cells [87]. This research 
found that graphene aids the distribution of platinum nanoparticles and shows itself 
as a promising material for use as a supporting material of platinum for fuel cell 
catalysts. Seger [35] also synthesized a composite material of graphene and 
platinum. However, the electrochemical active surface area (ECSA) of this 




Methods for preparation of graphene-platinum composite materials can be 
classified into two types. Firstly, platinum nanoparticles are intimately mixed with 
graphene sheets to form a nanocomposite. Secondly, graphene-platinum 
nanocomposites can be prepared by Layer-by-Layer Self-Assembly using ionic liquid 
as a linker [88]. To the best of our knowledge, there is no report of platinum 
deposited on to graphene by the layer-by-layer method without using any linker or 
binder. In this work, we fabricated graphene-platinum composite electrodes by 
electrophoretic deposition using a layer-by-layer technique, as well as a one-step 
deposition of graphene-Pt nanocomposites, to study the roles of graphene and 
platinum in these electrodes when used in catalytic applications in dye-sensitized 
solar cells (DSSC) [89, 90] or hydrogen generation from acid [91]. 
 
(ii) Secondly, we investigated composites of graphene with PEDOT for 
electrochromic application. Electrochromic materials are those materials which can 
change their optical properties (light transmission or reflection properties) 
reversibly by electrochemical redox processes or upon charge insertion/extraction 
resulting from applied voltage [92-96]. 
 
This process can be simply written as a half cell below: 
 
oxidised form + electron(s)  reduced form 
 
When electroactive materials uptake electrons, reduction takes place. When 
electrons are released, oxidation occurs. This is the redox reaction that takes place 
at the electrode (metal or conductive material) of electrochromic materials. 
Electrochromic materials and electrochromic devices play important roles in many 
applications, such as car rear-view mirrors [93, 97], display applications [98] , smart 






Conjugated electroactive polymers have been used as electrochromic materials 
because: (i) the material can be processed easily by simple techniques such as 
printing, spin coating, and dip-coating, (ii) they are cheaper compared with 
inorganic materials, (iii) they give versatility of choice because of colour depending 
on the monomer, doping percentage and applied potential used, and (iv) they give 
higher contrast, and switching time can be 10-120 ms with life-time up to 104-106 
cycles [94]. The electrochromic properties of these conducting polymers are shown 
in Table 1.2. The chemical or electrochemical oxidation of resonance-stabilized 
aromatic molecules of conjugated conducting polymers such as polyacetylene, 
polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh) and their derivatives 
[101-104] have received much interest because of their electrochromic properties. 
However, in neutral states these polymers are semiconductive or non-conductive. 
To make these polymers conductive, they have to be doped through redox 
reactions or protonation [105].  
 
Table 1.2 - electrochromic properties of conjugated conducting polymer. 





There are several advantages [77] for printing techniques, including the deposited 
drop size on the substrate of 10-12 pl on any surface, and a high precision. 
Furthermore, they can be used on both conducting and non-conducting substrates. 
Moreover, printing can produce a sequence of microdots or pattern printing, which 





Ionic liquids (ILs), such as 1-ethyl 3-methyl imidazolium 
bis(trifluoromethylsulfonyl)imide [EMI][TFSI] and 1-butyl- 1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl) imide [P1,4][TFSI] have been used in our 
electrochromics experiments because they eliminate the drawbacks of organic 
solvents. ILs are non-volatile, have good ionic conductivity and give wider 
electrochemical windows [106-109]. Furthermore, [EMI][TFSI] and [P1,4][TFSI] ionic 
liquids render the PVDF membrane transparent enabling the membrane to be used 
as a transparent electrode in electrochromic applications.  
 
To the best of our knowledge, there is no publication of graphene stabilization of 
conducting polymer in electrochromics applications, except for the polyaniline 
electrochromics system. This report shows that electrochromic devices using 
graphene as a supporting electrode showed higher optical contrast values and 
shorter switching times compared with devices with ITO electrodes [110]. In this 
work we will investigate the role of graphene in terms of its ability to produce 
transparent graphene:PEDOT electrochromic devices with increased switching 
speed. (Poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS), 
laid down by printing, has been used as an electrochromic layer in flexible 
electrochromic devices [111, 112]; as PEDOT:PSS has been widely used in the 
fabrication of electrochromic devices due to its electrochromic behaviour. It can be 
said that when electrical voltage is applied to PEDOT:PSS, the redox reaction 
(electron transfer) takes place as shown below. Oxidized and reduced states of 







Figure 1.8 – Schematic diagram showing the electrochromic switching of 
PEDOT:PSS. Reproduced from Heuer [113]. 
 
(iii) Finally, a supercapacitor was considered for graphene and composite materials 
of graphene with MWNTs. Capacitor is a form of electrical energy storage device for 
storing electric charge. There is no change in phase or chemical when the electric 
charge is stored physically. So there is an unlimited number of charge/discharge 
cycles as well. There are two main applications for capacitors; the first function is to 
charge or discharge electricity to smooth power supplies circuits; for example, back- 
up circuits in microcomputers. The second function is DC flow blocking which filters 
to eliminate unwanted frequencies. This is important for circuits which require a 
specific frequency [114]. Some researchers describe capacitors as supercapacitors, 
ultra capacitors or electrochemical capacitors, but all capacitors operate on the 
same principle as an electrostatic capacitor. Generally, we can say that capacitors 
can be classified into two types, depending on the mechanism of energy storage. 
The First type of capacitor is the electrical double layer capacitors (EDLCs), which is 





mechanism of the EDLC is that the capacitor generates current from the charge 
accumulation at the electrode/electrolyte interface [124]. EDLCs can deliver high 
power density and low energy density. Furthermore, it has a long cycle life and 
higher energy density compared to a battery. Another type of capacitor is the so 
called supercapacitor or pseudocapacitor. This capacitor can be made from carbon 
materials incorporated with a conducting polymer such as polyaniline [125-127] or 
ruthenium oxide [128-131], or other transition metal oxides [132-136]. Specific 
capacitance is increased 10 to 100 times by the redox process, depending on the 
transition metal oxide or conducting polymer it is integrated with. There are two 
kinds of energy storage in supercapacitors or pseudocapacitors: faradaic charge as 
in batteries and non-faradic charge as in EDLCs. Supercapacitors have been used as 
a power back-up in load cranes, forklifts, electrical vehicles, electric utilities such as 
memory protection in electronic circuitry [11, 114, 137]. Table 1.3 below shows a 
comparison of electrical double layer capacitance and pseudocapacitance. 
 
Table 1.3 - Comparison of electrical double layer capacitance and 







Since the discovery of carbon nanotubes (CNTs), there has been much interest in 
them for energy conversion and storage [139, 140] . Single-walled carbon 
nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs) [119, 141-144] 
have been studied for the feasibility of their use as energy storage materials. Niu et 
al. [145] reported capacitors based on carbon nanotube electrodes using 38 wt % 
H2SO4 as the electrolyte showings specific capacitance of 102 F g
-1 and power 
density of 8000 W/kg. However, SWNTs seem to have superior performance on 
capacitor as they have larger specific surface areas. It has been reported by An et al. 
[121, 146]. The specific capacitance reached up to 180 F g-1 with a power density of 
20 kW Kg-1 and energy density of 6.5 W Kg-1. Recently, researchers have turned 
their attention to graphene and its composites in energy storage devices and 
supercapacitor applications, because graphene has high surface area [11].  Use of 
graphene has been  reported for ultracapacitors with specific capacitances of 135 
and 99 F/g31 in aqueous and organic electrolytes, respectively [11]. Reduced 
graphene oxide (RG-O) nanoplatelets in propylene carbonate show an increase in 
specific capacitance of 20% when compared with other electrode materials 
(80−120 F/g) in the same electrolyte [147]. Several other groups studied graphene 
with the composite of metal oxide [85, 148-151] , carbon nanotubes [117, 118, 152, 
153] and conducting polymer [125, 154-157] showing specific capacitance from 
more than 200 up to 1000 F g-1.  
 
In this research, we synthesized and characterized graphene oxide and the 
composite of graphene oxide with MWNTs (GO:MWNTs). The electrodes were 
fabricated on glassy carbon substrate using an electrophoretic deposition technique 
and subjected to reduction by an electrochemical method. Graphene and 
graphene:MWNTs electrode were investigated for electrochemical capacitance in 
aqueous media (sulfuric acid) to ascertain their potential as supercapacitor. For 
comparison, GO:MWNTs was also chemically reduced by L-ascorbic acid (LAA), 





1.5 Aims of the project 
This project aims to use the electrophoretic deposition technique to fabricate 
graphene and graphene composite electrodes for various applications. We 
combined electrophoretic deposition of graphene oxide (GO), chemically converted 
graphene (CCG), graphene oxide:MWNTs (GO:MWNTs), high purity GO:MWNTs, 
LAA reduced GO (LAA-GO) and LAA reduced GO:MWNTs (LAA-GO:MWNTs). 
Electrodes fabricated by electrophoretic deposition of these materials are versatile 
and have many advantages for use in various applications as discussed below. 
 
In Chapter 3, we fabricated graphene:platinum electrodes by electrophoretic 
deposition on a conducting substrate; employing a layer-by-layer technique (two 
steps electrophoretic deposition) and single-step electrophoretic deposition from 
colloidal dispersions of a nanocomposite of graphene with platinum. 
Electrophoretic deposition was employed for electrode fabrication because of its 
versatility, short fabrication time and need of only simple apparatus. The layer-by-
layer technique has been employed to fabricate layered graphene-platinum 
electrodes (ITO/G/Pt electrodes) without any linkers or binders, while 
electrophoretic deposition from a colloidal dispersion of nanocomposites was used 
to fabricate nanocomposite graphene:platinum electrodes (ITO/G:Pt electrodes). 
These electrodes were then characterized and assessed for catalytic applications in 
I/I3
-, and dilute sulfuric acid. 
 
In chapter 4, we prepared a conducting layer of graphene on a non-conducting 
substrate (PVDF membrane) by electrophoretic deposition from colloidal graphene 
dispersion. Electrophoretic deposition was employed to prepare the graphene layer 
because of its advantages in giving uniform films, versatility of use and short time 
required for fabrication. PEDOT was laid down layer-by-layer by an inkjet printing 
technique to obtain a transparent electrochomic material. PVDF/PEDOT and 






In chapter 5, we synthesized aqueous dispersion of graphene oxide and multi-
walled carbon nanotubes (GO:MWNTs) to suit electrophoretic deposition for 
electrode fabrication in aqueous medium because it is non-hazardous in the 
laboratory and industrial scale. Electrophoretic deposition was selected for 
depositing these colloidal composite materials in order to produce high surface area 
electrodes for supercapacitors. Furthermore, electrophoretic deposition can be 
applied for electrode fabrication both in aqueous and non-aqueous media. 
Composite dispersions were characterized and electrophoretically deposited on 
glassy carbon followed by electrochemical reduction to obtain electrochemically 
reduced graphene oxide:MWNTs (ER-GO:MWNTs) electrodes. Electrodes were 
investigated for electrochemical capacitance. Furthermore, GO:MWNTs composite 
dispersion was purified to achieve a high purity of GO:MWNTs; expecting to get 
better capacitor performance after electrochemical reduction. In comparison, L-
ascorbic acid (LAA) is a mild reducing agent and has been chosen to reduce purified 
GO:MWNTs to obtain a homogeneous dispersion and achieve stability of interaction 
between the GO sheets and MWNTs. LAA-GO:MWNTs were electrophoretically 
deposited on glassy carbon and their electrochemical capacitance were investigated 
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This chapter describes all of the techniques and instruments employed for the 
whole thesis that are involved with synthesis, characterization and applications of: 
- Graphene and composite of graphene-platinum in catalytic applications. 
- Graphene and PEDOT in electrochromic  application. 
- Synthesis and characterization of graphene oxide (GO), graphene oxide 
with multi-walled carbon nanotubes (GO:MWNTs), high purity 
GO:MWNTs,  L-ascorbic acid reduced graphene oxide (LAA-GO) and L-
ascorbic acid reduced graphene oxide with MWNTs (LAA-GO:MWNTs). 
- Investigations of electrochemically reduced graphene oxide (ER-GO), 
graphene oxide with MWNTs (ER-GO:MWNTs), and high purity graphene 
oxide with MWNTs (ER-high purity GO:MWNTs), as well as L-ascorbic 
acid reduced graphene oxide (LAA-GO) and L-ascorbic acid reduced high 
purity graphene oxide with MWNTs (LAA-GO:MWNTs) in supercapacitor 
applications. 
2.2 Sonication 
Sonication is a technique that applies ultrasound energy to the system to help the 
dispersion of particles in a solution. Sonication can be applied both by using an 
ultrasonic bath or ultrasonic probe depending on the purpose of the experiment. 
Generally, it can be said that an ultrasonic bath applies soft agitation whereas an 
ultrasonic probe applies strong agitation. Ultrasonic probe (Vibra cell Model CV33) 
has been employed in graphene oxide and graphene oxide with MWNTs syntheses 
where exfoliation of graphite oxide to graphene oxide and dispersion of MWNTs 
into graphene oxide dispersion are needed. Ultrasonic bath (Branson B5500R-DTH) 
has been employed in soft dispersion of graphene:Pt nanocomposite mixture, 
GO:MWNTs, and graphene:MWNTs before electrophoretic deposition. The 
















2.3 Centrifugation and ultracentrifugation 
Centrifugation is a separation technique using centrifugal force, force applied 
perpendicular to the axis, for the separation of solution or mixtures. Typically, 
centrifugation protocols can be specified by the centrifugation speed (revolutions 
per minute) and generated acceleration. Centrifuges working at the same rotational 
speed but different diameters result in different accelerations. The relationship 
between acceleration during circular motion (traditionally named as relative 
centrifugal force (RCF)) and rotational speed can be written as Equation 2.1 [1]: 
 
                               
   
Where      
rcm is the rotational radius measured in centimetres (cm) 
N2rpm is rotational speed measured in revolutions per minute (RPM). 
 
In this research, an Eppendorf (Centrifuge 5702) was used for graphene and 
graphene composite dispersions to separate unexfoliated graphite oxide and to 
sediment graphene:platinum nanocomposites respectively. 
In ultracentrifugation, we can adjust the spinning rotor speed for use in 
experiments that need high centrifugal force to separate the mixture. The 
generated acceleration can be up to 1,000,000 g (9,800 km/s²). In this work, 
ultracentrifugation using a Beckman (J2-MC, rotor JA 20) was needed to separate 
unstabilized MWNTs and excess GO from the mixture of graphene oxide:MWNTs 
composite at 8000 and 14000 rpm respectively. The obtained dispersion was 
expected to only contain GO:MWNTs species. The centrifuge (a) and ultracentrifuge 
























2.4 Electrophoretic deposition  
Electrophoretic deposition (EPD) was employed to fabricate electrodes that are 
described throughout this thesis. Electrophoretic deposition was performed at 
different potentials, time and solvent depending on the materials and experiment. 
Electrophoretic deposition was carried out in a two-electrode system using a 
potentiostat (eDAQ) EA 160 electrochemical system (eDAQ Pty Ltd) (Figure 2.3). 
Conducting (Indium tin oxide (ITO) coated glass or glassy carbon) substrates were 
employed as working electrodes; depending on the experiment in each chapter. 
Platinum mesh was used as a counter electrode that was connected to the 
reference and counter electrode cables). For a non-conducting (PVDF membrane) 
















Figure 2.3 - Two-electrode system for electrophoretic deposition. 
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2.5 Cyclic voltammetry (CV) 
Cyclic voltammetry (CV) is a technique which is similar to linear sweep voltammetry 
(LSV) where the working electrode potential is swept linearly with time but the 
potential is cycled; ie swept forwards and backwards. Current is recorded during the 
scan of applied potential. As the background of CV is similar to LSV, the LSV theory 
is now introduced. LSV can be expressed as Equation 2.2. 
 
      ʋ  
 
Where E is the electrode potential (V), Ei is the initial potential, ʋ is the sweep rate 
(V s-1) and t is the time elapsed (s). Linear sweep voltammetry was originally 
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The function P has a maximum value of 0.4463 [4] and Equation 2.3 can be 
expressed as Equation 2.4 
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Where ip is the peak current in amps, n is the number of electrons transferred in the 
redox reaction, F is the faraday constant, R is the gas constant, T is the absolute 
temperature, A is the electrode area (cm2), Do is the diffusion coefficient in cm
2 s-1, 
Co
b is the bulk concentration (mol cm-3 rate (V s-1). 
 
Equation 2.4 indicates that ip is proportional to bulk concentration, square root of 








The maximum value of the peak current occurs at the peak potential which is given 
by [4]: 
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Equation 2.5 and 2.6 illustrate that the peak and a half-peak potentials are 
independent of the concentration of electroactive species. 
For a reversible process at 25oC, Equation 2.6 can be expressed as Equation 2.8 
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Practically, peak shape can be distorted by the capacitive current and the ohmic 
drop between electrodes. The capacitive current is defined by Equation 2.9  
 
          
 
Where A is electrode surface area, Cd is the differential capacity of the electric 
double-layer at the specific potential (F cm-2) and v is the scan rate. 
For a reversible electrode process, the ratio of capacitive to faradaic currents can be 
























b is the bulk concentration (mol cm-3). This suggests that the capacitive 
current increases as a function of scan rate and decrease in bulk concentration of 
electroactive species. 
 
The ohmic drop results in decreasing peak current, shift in peak potential and 
substantial peak broadening. However, it can be compensated using a three-
electrode cell system. 
 
Cyclic voltammetry employs a potential scan as a function of equal arms of an 











Figure 2.4 – Wave form of the CV potential scan. 
 
Cyclic voltammetry is usually performed in a three-electrode system consisting of a 
working electrode, reference electrode and counter electrode. Cyclic voltammetry 
is a useful technique in electrochemistry to investigate the redox reaction and 
electron transfer [5]. When potential is applied at the working electrode, current is 
recorded both in the forward and reverse scan direction in any number of cycles as 
2.10 





shown in Figure 2.5. When positive potential is applied in the forward scan, the 
reduced species become oxidized at the electrode surface. The anodic current 
increases until the maximum point (Epa). At this point most reduced species become 
oxidized species. In the reverse scan, the cathodic peak current increases until it 
reaches the maximum point (Epc) where most of the oxidized species become 
reduced at this point. 
 
 
Figure 2.5 – Example of a cyclic voltammogram. Scan started from negative to 
positive potential. 
 
In a reversible charge-transfer process which comprises both anodic and cathodic 
part of the current-potential curve (cyclic voltammogram), the linearly increasing 
scan up to the switching potential, Eλ, is equal to the current-potential curve for 
LSV. The linearly decreasing part of the potential scan of the current-potential curve 
depends on Eλ. 
 
According to Sevcik [3], for a reversible charge transfer at  25 oC cathodic and 
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Where Ep(c) and Ep(a) is the cathodic and anodic peak potential. Equation 2.13 is 
limited to reversible systems and for single-sweep voltammograms of individual 
solutions of oxidant and reductant. This Equation suggests that the peak separation 
of a reversible system should be around 0.058 V. However, quasi-reversible systems 
display a larger peak separation in Ep. For a very slow charge-transfer process 
(irreversible system), the anodic and cathodic peaks are completely separated and 
no reverse wave is observed. 
 
In this research, CV has been used to investigate the electrochemical behaviour of  
graphene composite materials as listed below; 
 
- The study of the electrochemical behaviour and catalytic properties of 
graphene-platinum electrodes. Electrodes were subjected to testing in 
I/I3
- or sulphuric acid to assess their usefulness for Dye-Sensitized Solar 
Cells (DSSC) and hydrogen generation from acid respectively. 
- The study of the electrochemical redox behaviour of graphene: Poly(3,4-
ethylenedioxythiophene) - PEDOT  electrode in [EMI][TFSI] ionic liquid 
for electrochromic applications. 
- The study of the supercapacitance property of graphene and 
graphene:MWNTS composite materials. Electrodes were subjected to 








Working electrodes in this research were graphene, graphene-platinum, 
graphene:PEDOT and graphene:MWNTs. The reference electrode was selected 
depending on the medium used such as aqueous, non-aqueous or ionic liquid. 
Ag/AgCl (3M NaCl) was used in aqueous medium while Ag/Ag+ (1 M TBAP) was 
employed in non-aqueous medium, and pseudo-silver electrode was used in ionic 
liquid. The counter electrode was platinum mesh which had a much higher surface 
area than the working electrodes. A three-electrode system for CV was connected 
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2.6     UV-Visible spectroscopy 
UV-visible spectroscopy or UV-visible spectrophotometry (UV-vis) is a common and 
versatile technique to determine molecular structure or routinely work in 
quantitative determination using light in the near UV, visible and near-infrared 
regions. The principle of UV-visible spectroscopy relies on the Beer-Lambert law 
that states that the solution’s absorbance is proportional to the concentration of 
the absorbing species in the solution and the path length as in Equation 2.14 [6]. 
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Where A is absorbance, Io is incident light’s intensity at a specific wavelength, I  is 
transmitted intensity,   (L mol-1 cm-1) is molar absorptivity, C (mol L-1) is 
concentration and L (cm) is pathlength. A UV - Visible spectrophotometer is shown 
in Figure 2.7. When the path length is fixed, UV-vis can be used to determine the 
concentration of the absorber in a solution. As we discussed above, absorbance is 
directly proportional to the concentration. Therefore, a plot of absorbance vs 
concentration is expected to be a straight line passing through the origin. However, 
a deviation will be noticed if the solution is inhomogeneous as UV-vis is a technique 
applied to homogeneous solution. A UV - Visible spectrophotometer is shown in 
Figure 2.7. 
 




UV-vis was used to study the reduction of graphene oxide to graphene as it shows a 
red shift (bathochromic shift) due to the restoration of the aromatic structure [7]. It 
was also used in studying the interaction between the aromatic carbon of graphene 








UV-vis spectroscopy was used to observe the homogeneity of graphene and 
graphene:Pt colloidal dispersion in water; as determined by plotting the calibration 
curve of concentration vs absorbance [9]. 
 
Transmittance measurement 
UV-vis was employed to study electrochromic properties by observing the optical 
response (spectrochronoamperometry) of graphene:PEDOT electrodes between 
their oxidized and reduced states. Furthermore, UV-vis was also performed as a 
simple transmittance measurement in graphene-platinum transparent electrodes. 
 
Spectroelectrochemistry  
UV-vis was also used to study the different PEDOT transition forms during the redox 
switching process in the region of the visible spectrum (wavelength 380-800 nm) 
relating to polaron/bipolaron transitions. The details of the experiments will be 









2.7 X-ray photoelectron spectroscopy (XPS) 
XPS is a most widely used surface chemical analysis technique. It can be used to 
measure elemental composition, electronic state and chemical state of the 
elements in materials including determination of empirical formula. The principle of 
XPS can be simply explained as follows: when the substrate’s top surface is 
irradiated with a beam of X-rays, the electrons in the sample’s top surface to a 
depth of 10 to 100 Å (1 to 10 nm) are emitted and detected by an electron energy 
analyzer (which measures the kinetic energy of the electrons) and electron detector 
(which counts the electrons), and the resultant signals are sent to a recorder to be 
displayed as a spectrum (Figure 2.8). As XPS requires ultra high vacuum conditions,  
so the sample should be prepared in a solid form.  
 
 
Figure 2.8 - Basic components of an XPS system. 
 
In this work, XPS has been used to determine the elemental composition of 
platinum in graphene:platinum composites, and the functional groups involved in 
carbon binding to carbon, hydrogen and oxygen in graphene and graphene:MWNTs 
composite materials; such as  C=C  (aromatic hydrocarbon),  C-C/C-H (aromatic 





2.8 Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique that relies on the scattering of 
light (Figure 2.9) when a sample is irradiated by a monochromatic light source 
(usually a laser beam) which has a specific frequency, say υo. Most scattering is 
scattered at the same wavelength as the incident beam (strong scattering) called 
Rayleigh scattering which are filtered out. The rest of the radiation scattered by the 
sample contains both weak and strong scattering. The weak scattering Raman signal 
is the Stokes signal of frequency υo - υm (creation of vibrational waves/phonons) 
where υm is a molecular vibrational frequency while υo + υm corresponds to 
Antistokes Raman signal (absorption of vibrational waves/phonons). The vibrational 
frequency is expressed in GHz, and the wave number in cm-1. 
 
 
Figure 2.9 - Basic principle of a Raman spectroscopy system. 
 
In this work, Raman spectroscopy was employed to distinguish between graphene 
oxide (GO), graphene, GO:MWNTs and graphene:MWNTs composites by observing 
the D, G and 2D bands peak shape. Furthermore, the ratio and shifting of D and G 





2.9 Particle size and Zeta potential determination 
Dynamic light scattering technique has been used to determine particle size by 
measuring the Brownian motion of the particles. Brownian motion is a random 
movement of particles in a liquid due to bombardment of the particles by 
surrounding molecules. As we know that large particles move slower than small 
particles, so the speed of the particle’s movement in liquid is used to determine the 
particle size. This principle can be applied to the relationship between diffusion 
speed and size, and hence determine the size by observing the particle movement 
and particle positions [10]. For example, a large molecule has small movement and 
so the position changed is smaller while a small molecule has a larger particle 
movement and so the position changed is much larger. The size can then be 
determined. 
 
When charged particles are suspended in a liquid, opposite charges are attached to 
the surface of the charged particle. As we can see from Figure 2.10, there are 
double layers on the charged particle. The closest layer to the charged particle 
consists of condensed or absorbed counter ions that interact strongly with the 
charged particle. The ions will move along with the charged particle. This region is 
defined as the Stern layer. The second layer consists of diffused ions that interact 
less firmly with the charged particle. This layer is defined as the slipping plane. 
Outside of this boundary exists a diffuse double layer. Zeta potential measurement 
or charge measurement is a term defined as the electric potential between the 
slipping plane position in the interfacial double layer and the dispersion medium or 
diffuse double layer as shown in Figure 2.10.  
 
Zeta potential is measured by applying an electric field to the colloidal solution. 
Particles will move along to the oppositely charged electrode at different velocities 
depending on the magnitude of the zeta potential. The velocities are detected and 






Figure 2.10 – Schematic diagram showing a negative surface charged particle 
surrounded by counter ions and double layer. 
 
In this research, size measurement of platinum nanoparticles was done in acetone. 
Zeta potential measurement is a very important technique that can be applied to all 
solutions to determine the feasibility of employing anodic or cathodic 
electrophoretic deposition, and also the zeta potential value determines the 




2.10 Scanning Electron Microscope (SEM) and Transmitted Electron Detector 
(TED)  
Scanning Electron Microscopy (SEM) (Figure 2.11) was used to investigate the 
morphology and microstructure of the materials by producing a high magnification 
image using a high-energy electron gun to generate signals across the surface of the 
specimen. Electrons from the electron gun are fired through the vacuum chamber 
as an electron beam cannot travel effectively through air. Electrons are accelerated 
into an electron beam and focused to a very precise beam by an electromagnetic 
coil. The beam scans the object’s surface, by hitting the surface of the object and 
the electrons are scattered to the detector and converted to a magnified image on 
the screen. However, the selected area of the surface of the specimen must be 
identified for characterization by SEM [11]. This technique is very useful due to its 
versatility in characterizing sample morphology, chemical composition and 
orientation of the crystalline structure. The microscope used in this study was a 
JEOL JSM7500FA cold-field emission gun Scanning Electron Microscope (FEGSEM) 
equipped with a JEOL hyper-minicup Energy Dispersive Spectrometer (EDS). The 
FEGSEM was operated at an accelerating voltage of 5 kV and a spot size setting of 8. 
Secondary and backscattered electron images and X-ray spectra were coleected at a 
standard working distance (WD) of 8 mm. 
 
SEM was a very important characterization tool for this research as the 
investigation of surface coverage was required. Actually, the electrode surface of 
the specimen should be fully covered with nanomaterials deposited by 
electrophoretic deposition before subjecting to further experiments and 
characterization. SEM was also used to confirm the existence of deposited 
nanomaterials and determine their particle size in addition to the use of 
electrochemical characterization techniques and particle size analyzer.  
 
To obtain high resolution images and contrast enhancement, the Transmitted 
Electron Detector (TED) has been developed for SEM to obtain high resolution X-ray 




(TEM) as the image resolution is limited by the beam size. The TED technique has no 
lens underneath the sample like TEM, so as to eliminate the spherical aberration 
that can result from the large scattering angle and the chromatic aberration from 
energy loss [12]. The TED has been used in this work to investigate the interaction 
between MWNTs and graphene oxide sheets, and confirming the existence of the 








2.11 Atomic Force Microscopy (AFM) 
Atomic Force Microscopy (AFM) (Figure 2.12) can be used to measure all surfaces, 
both conducting and non-conducting substrates. AFM characterizes the surface 
profile for topography and is employed in normal force measurement from micro-to 
the nanoscale. In the contact mode, AFM produces high 3D resolution images by 
measuring the relative displacement between the cantilever surface and substrate 
surface. The movement of the cantilever results in vibration due to the interaction 
force between the sample and tip, and is detected by measuring the cantilever 
deflection. In this work,  F  was used to investigate the platinum nanoparticles on 













2.12 Inkjet printing 
Inkjet printing is a non-contact printing technique that deposits the ink onto the 
substrate from a nozzle or print head. This is a versatile technique for printing 
conducting polymer onto a non-conducting substrate where electrochemical 
polymerization of the conducting polymer is not possible. In this work, PEDOT:PSS 
was printed onto PVDF membrane or graphene coated PVDF membrane to 
fabricate flexible and transparent electrodes for electrochromics application using a 
reactive inkjet printer (Figure 2.13). However, there is a drawback as PEDOT:PSS 
used in this printing experiment must have suitable rheological properties and 
conductivities; which in-house synthesized PEDOT:PSS can not achieve for printing a 
uniform film on the substrate. Therefore, PEDOT:PSS in this work (trade name is 
Clevios P Jet V2) was purchased from Starck GmbH, Germany, which is of a lower 











Spectroelectrochemistry (Figure 2.14) is a technique that employs two techniques 
simultaneously; electrochemistry and spectroscopy This experiment investigate the 
electrochemical state of a conducting polymer as a function of applied potential and 
wavelength. The absorbance change was measured with respect to an applied 
constant potential using a potentiostat (eDAQ) EA 160 electrochemical system 
(eDAQ Pty Ltd). The experiments were performed over the wavelength range of 300 
nm to 1000 nm relating to polaron/bipolaron transitions., and the potential was 
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2.14 Charge-discharge testing 
Charging and discharging of a capacitor was carried out by measuring the potential 
difference (voltage) across the electrode as a function of time (Figure 2.15). The 
experiment was performed using a potentiostat (eDAQ) EA 160 electrochemical 
system (eDAQ Pty Ltd) by applying a constant positive current for the charging step 
and a constant negative current for the discharging step at the working electrode. 
The potential difference was measured with respect to time and the specific 
capacitance can be calculated from the time consumed during the discharging step. 
 




      
      
 
 
Where C (F g-1) is the specific capacitance obtained from charge/discharge curves, i 
is discharge current, ∆T is the discharge time, m is mass of the composite and ∆E is 
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It is well known that transition metals are often used to catalyze redox reactions 
such as hydrogenation of organic molecules and reduction of hydrogen ions to give 
H2 [1, 2]. Platinum, gold, palladium, ruthenium and rhodium have also been used as 
catalysts in redox reactions of fuel cells [3-7]; however, platinum has also been 
widely used in hydrogen evolution [8-12] and solar cell applications [13-16]. Carbon-
supported platinum electrocatalysts are of much interest nowadays. Researchers 
have combined carbon materials, such as carbon nanotubes or graphene, with 
platinum for applications as mentioned above. Mainly, they prepared graphene-
platinum composite electrodes by embedding platinum nanoparticles onto 
graphene sheets [3, 17-23] to produce nanocomposites of carbon-supported 
platinum. Other methods involve the preparation of layers of carbon and platinum 
by the layer-by-layer technique which requires a linker eletrodeposition [24, 25] .  
 
The advantages of electrophoretic deposition have been fully discussed in Chapter 
1, section 1.3; including its versatility, simplicity and low cost. Electrophoretic 
deposition was to be achieved based only on the charge (zeta potential) on the 
surface of graphene and platinum nanoparticles to prepare electrodes that will not 
have chemicals incorporated that could affect their catalytic performance. 
However, it is not a well used method for researchers working with graphene and 
platinum nanoparticles to fabricate electrodes for catalysis. We have, therefore, 
sought to use electrophoretic deposition to produce novel graphene-platinum 
electrodes with enhanced catalytic properties. The major principle of the 
electrophoretic deposition process is the movement of colloidal charged particles 
under an electric field toward the electrode, where they are deposited on the 
electrode surface to form a uniform film [26]. Graphene, platinum nanoparticles, 
and nanocomposites of graphene with platinum nanoparticles have been 
synthesized to make them amenable to efficient electrophoretic deposition 
(possessing a zeta potential or surface charge so that they move under electric 
fields). We employed two approaches to form these electrodes, namely sequential 




graphene sheets and nanoscale Pt particles respectively, and a single-step 
electrophoretic deposition from a dispersion containing nanocomposites of 
graphene:Pt (Figure 3.1 a and b). These novel nanocomposite electrodes were 
produced to investigate the feasibility of their use in applications such as dye-































The aims of the research described in this chapter can be summarized as follows: 
- To produce layer-by-layer graphene/platinum electrodes employing 
electrophoretic deposition without the assistance of a linker or any other chemicals 
to assist in the deposition.  
- To produce graphene:platinum electrodes using a one-step electrophoretic 
deposition approach employing a nanocomposite dispersion of graphene:platinum 
in N,N dimethylformamide (DMF). 
- To study the morphology of these electrodes fabricated by both of the above 
methods.  
-  To study the effect of platinum particle size on the electrochemical active surface 
  area (ECSA). 
- To investigate the electrochemical catalysis behaviour of graphene/platinum 
layered electrodes and graphene:platinum nanocomposite electrodes in I-/I3
- and in 
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Figure 3.1 - Schematic diagram of the electrophoretic deposition process: (a) layer-
by-layer, (b) single-step for nanocomposite. 
ITO coated glass 
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3.2.1 Chemicals and Materials 
Natural graphite employed in this work was SP-1, Bay Carbon supplied by Cabot. 
Tetrabutylammonium perchlorate (TBAP, Sigma-Aldrich), ethylene glycol (Unilab, 
APS), acetone (Chem-supply), acetonitrile (Scharlau), sulfuric acid (Scharlau) and 
iodine (Merck) were used as received. The following chemicals obtained from 
Sigma-Aldrich were also used as received: lithium iodide, ammonia solution, 
hydrazine (35 wt% in water), N,N dimethylformamide, sodium nitrate, potassium 
permanganate,  and  chloroplatinic acid (8 wt% in water). Indium-tin-oxide (ITO) 
coated glass (Rs = 4-8 Ω) was obtained from Delta Technologies Limited (Stillwater, 
Minnesota, USA), and cut into 1 cm × 2.5 cm pieces, washed with detergent, rinsed 
with water then acetone, and then purged with nitrogen gas prior to use. 
3.2.2 Equipment / Instrumentation 
Zeta potentials of graphene, platinum nanoparticles and the graphene:platinum 
nanocomposite colloidal dispersions were measured using dynamic light scattering 
(Nano-ZS Zetasizer, Malvern Instruments) with backscatter detection (θ = 173°). In 
addition, the microstructure of graphene electrodes, graphene/platinum layer-by-
layer electrodes and graphene:platinum nanocomposite electrodes were observed 
by field emission scanning electron microscope (FESEM) JEOL7500 at specific 
voltages of 0.5 kV and Optical Leica Microscopy model DMED controlled by Leica 
software version (2.4.0 R1). Graphene characterization was done using UV-vis 
spectroscopy (Model Shimadzu UV-1800 spectrophotometer with UVProbe (v.2.10) 
software) and Raman spectroscopy (Model Jobin Yvon Horiba HR800 Raman 
spectrometer with LabSpec software). Atomic force microscopy was also performed 
on the graphene:platinum nanocomposite as follows. The graphene:platinum 
nanocomposite colloidal dispersion was diluted and drop cast on silicon wafer and 
investigated by AFM (Asylum MFP-3D) to confirm the existence of platinum 
nanoparticles on the graphene sheets.   
To study the electrochemical behavior of graphene-platinum electrodes in I-/I3
-, 




with a graphene-platinum working electrode, Pt mesh counter electrode and an 
Ag/Ag+ reference electrode at a scan rate of 50 mV s-1. The electrolyte was a 
solution of acetonitrile containing tetrabutylammonium perchlorate (TBAP) (0.1 M), 
LiI (0.01 M) and I2 (0.005 M) over a potential window of -0.7 V to 1.0 V. CV 
characterization of graphene-platinum electrodes in sulphuric acid (0.2 M) was 
performed over a potential range of -0.2 to 1.25 V using a graphene-platinum 
working electrode, Pt mesh counter electrode and an Ag/AgCl (3.0 M NaCl) 
reference electrode at a scan rate of 50 mV s-1. All CVs were performed using a 
potentiostat (eDAQ) EA 160 electrochemical system (eDAQ Pty Ltd). XPS analyses of 
graphene oxide reduction and platinum analysis of the graphene:platinum 
electrodes were performed by the Solid State and Elemental Analysis Unit of the 
University of New South Wales, Australia. 
3.2.3 Methods 
3.2.3.1 Layered graphene/platinum electrodes 
3.2.3.1.1 Graphene Synthesis 
Natural graphite (SP-1, Bay Carbon) was treated in strong acid as reported in a 
modified Hummers method [27]. The resultant graphite oxide was dispersed in the 
ultrapure Milli-Q water resulting in a dark brown dispersion. Graphite oxide was 
purified by washing with Milli-Q water until the pH became neutral and then 
dispersed in water to obtain a 0.05 wt% dispersion. Graphite oxide was exfoliated to 
graphene oxide by ultrasonication of the dispersion using a Branson Digital Sonifier 
(S450D, 500 W, 45% amplitude) for 30 min. The light brown dispersion (graphene 
oxide) was then separated from the unexfoliated graphite oxide by centrifugation at 
4,400 r.p.m. for 30 min using an Eppendorf 5702 centrifuge with a rotor radius of 14 
cm. To obtain graphene, chemical conversion of graphene oxide was employed [28], 
where graphene oxide dispersion (10.0 ml) was mixed with water (10.0 ml), 
hydrazine solution (10.0 μl, 35 wt% in water) and ammonia solution (70.0 μl, 28 
wt% in water) in a conical flask. After shaking for a few seconds, the conical flask 





3.2.3.1.2 Platinum nanoparticles synthesis 
Chloroplatinic acid (1.0 ml, 8 wt% in water,) was mixed with ethylene glycol (50.0 
ml) and the pH adjusted from 10 to 10.4 with sodium hydroxide (2.0 M). Chemical 
reduction was assisted by microwave irradiation [29] at 1200 W for 40 sec until the 
dispersion became dark brown in colour. The dispersion was then washed with 
acetone (50 ml aliquots) and centrifuged for 45 min, redispersed in acetone by 
sonication and re-centrifuged; repeating the process twice. Acetone (15 ml) was 
then added to the precipitate and sonicated for 1 hr using a Branson Digital Sonifier 
(S450D, 500 W, 35% amplitude) with pulse on/off (2 sec/3 sec). Finally, this 
dispersion was centrifuged for 30 min at 4400 rpm to obtain the brown supernatant 
which was used for the electrophoretic deposition dispersion. 
3.2.3.1.3 Fabrication of Layer-by-layer graphene/platinum electrodes by electrophoretic 
deposition 
3.2.3.1.3.1 Graphene electrophoretic deposition 
The electrophoretic deposition of graphene was carried out in water under ambient 
conditions in a two-electrode cell using a potentiostat (eDAQ) EA 160 
electrochemical system (eDAQ Pty Ltd). Graphene colloidal particles have a negative 
zeta potential (negative charge on the surface) and will move under an electric field 
toward the positive electrode to form a layer. In this section, graphene was 
electrophoretically depositied onto ITO coated glass at a range of potential from 1.0 
to 5.0 V. Optimized potential at 4.0 V was employed for electrophoretic deposition 
of graphene at various periods of time for 5, 10, 15, 20, 25, and 30 sec. 
3.2.3.1.3.2 Electrophoretic deposition of platinum onto graphene 
Platinum nanoparticles were electrophoretically deposited in acetone onto 
electrophoretically deposited graphene/ITO coated glass at 1.0 to 6.0 V. 
Electrophoretic deposition at an optimized potential of 5.0 V was carried out at 180, 
300 and 600 sec by using the same instrument as described above. A schematic 




3.2.3.2 Graphene:platinum nanocomposite electrodes 
3.2.3.2.1 Graphene:platinum nanocomposite dispersion synthesis 
Choloroplatinic acid (100 μl, 8 wt% in water,) was mixed with a dispersion of 
graphene oxide (5 ml) and stirred for 24 hrs. Sodium borohydride (0.050 M) was 
added drop wise until the dispersion turned black, then centrifuged for 30 min at 
4400 rpm. The resultant graphene:platinum nanocomposite was washed with Milli-
Q water and centrifuged for 30 min at 4400 rpm, three times and then sonicated in 
a sonication bath for 1 hr in DMF before using. This nanocomposite showed a high 
quality dispersion in water and DMF. However, in this work the composite was 
dispersed only in DMF for electrophoretic deposition as uniform films were 
obtained after deposition while the deposition in water led to agglomeration of the 
composites during the drying process. 
3.2.3.2.2 Fabrication of graphene:platinum nanocomposite electrodes by 
electrophoretic deposition  
Nanocomposites of graphene with platinum in DMF dispersions were 
electrophoretically deposited on ITO coated glass at the same potential as in 
3.2.3.1.3.2 (5 V) for 10, 30 and 60 sec; using the same instrument and cell as 















3.3 Results and discussions 
3.3.1 ITO coated glass/graphene/platinum electrodes fabrication 
3.3.1.1 Graphene dispersion characterization 
Graphite Oxide (GO) and chemically converted graphene (CCG) dispersions were 
characterized by UV-vis spectroscopy to observe the bathochromic shift (red shift) 
which is the shift of the spectral band to lower frequencies due to substitution or 
change in environment. The absorption spectrum of the GO dispersion shows a 
peak centred at the maximum wavelength of 227 nm; indicating π -> π transitions of 
aromatic C-C bonds, with a shoulder peak at 300 nm that can be assigned to n -> π 
transitions of C=O bonds (Figure 3.2) These results agree with previously published 
UV-vis spectra of graphene oxide [28, 30, 31]. After the reduction of the 0.05 wt% 
GO aqueous dispersion using hydrazine for 2 hours at 100oC, the peak centred 227 
nm was shifted to a higher wavelength (270 nm). This shows that GO has been 
reduced and aromatic structure has been restored, as reported by Li [28]. 































Normalized Raman spectra at 632 nm excitation wavelength of GO and CCG show a 
higher D band peak than G band peak (Figure 3.3a) due to the defects [32] from the 
acid oxidation of graphite oxide in the Hummers method. In addition, the 
broadened D and G bands of GO (Figure 3.3b) indicate higher disorder structure 
[33]. Furthermore, the ratio of the D band to G band intensities in Raman spectra 
can indicate defects and disorder of the carbon structure [32, 34].  It can be seen 
that the ratio of D to G band increased after reduction (from 1.25 to 1.73) which 
shows that the defects increased after reduction (Figure 3.3); in agreement with 
work published by Shin [34]. This result is controversial because the double bond 
formed after reduction should decrease the defects.  Also the shift in the D and G 
band peaks toward lower wave numbers is one evidence for the reduction of 
graphene [35] . As shown in Figure 3.3b, both D and G bands of CCG were shifted to 
lower wave numbers (1339 to 1331 cm-1 for D band and 1592 to 1582 cm-1 for G 













      (a) 
 
      (b) 
Figure 3.3 - (a) Raman spectra of graphene oxide (GO) and chemically converted 
graphene (CCG) and (b) expansion of D band and G band of Raman spectra from 
obtained from (a). 













Raman shift (cm-1) 













Raman shift (cm-1) 
   G band  





















XPS spectra are presented for GO before (Figure 3.4 a) and after (Figure 3.4 b) 
reduction with hydrazine for 2 hours. There are five different peak centers at 284.5, 
285.06, 286.66, 288.16 and 289.06 eV refer to C=C (aromatic hydrocarbon), C-C/C-H 
(aromatic hydrocarbon), C-O (epoxy and alkoxy), C=O (carbonyl group) and O=C-O 
(carboxylic acid group) respectively. It can be seen that all C 1S spectra of bonding 
to oxygen decreased after reduction for 2 hours. Furthermore, the C 1S spectra of 
C-O decreased sharply after reduction. The relative ratio of peak A (C=C) to peak C 
(C-O) are 1.65 and 9.7 of GO and CCG respectively. This suggests that graphene 
oxide was reduced to graphene after hydrazine treatment. 
 
Chemically converted graphene dispersion have been reported by Li [28] to be  
colloidal. In this work, graphene dispersion was further characterized by UV-vis 
spectroscopy to observe its homogeneity as a colloidal dispersion in water; as 
determined by plotting the calibration curve of different graphene concentrations 
vs absorbance of the peak at its maximum wavelength  (270 nm). Subtraction was 
performed by matching the absorbance of Milli-Q water and graphene colloidal 
solution. Figure 3.5 demonstrates that the absorbance for this graphene aqueous 
dispersion is a linear function of concentration in obedience to Beer’s law, thus 
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      (b) 
 
Figure 3.4 - XPS spectra of C 1s of GO before (a) and after (b) reduction by hydrazine 
for 2 hrs. Peak C 1s A to E refer to C=C (C 1s A), C-C/C-H (C 1s B), C-O (C 1s C), C=O (C 
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Figure 3.5 - Calibration curve of chemically converted graphene (CCG). 
 
The dynamic light scattering technique yielded a zeta potential distribution curve 
for the graphene dispersion in water (Figure 3.6) that has a mean value of -36.9 ± 
1.1 mV in agreement with previously published results [28]. The highly negative 
surface charge of graphene is a result of the carboxylic acid groups on the graphene 
sheets which are not reduced and still present after reduction [28]. The negative 
surface charge not only helps to stabilize the colloidal graphene oxide dispersion 
but also is a factor that contributes to the deposition of graphene colloidal particles 
on the positively polarised electrode in electrophoretic deposition. 
 
y = 166x + 0.0067 

























Figure 3.6 - Zeta potential distribution curve of graphene particles in a colloidal 
dispersion in water. 
 
3.3.1.2 Platinum nanoparticles dispersion 
The platinum nanoparticles dispersion in acetone was characterized by using a 
dynamic light scattering technique. The particle size of the platinum nanoparticles 
ranged from 25 nm to 100 nm, with an average value of 50 nm (Figure 3.7a). The 
zeta potential distribution curve (Figure 3.7b) shows zeta potential values with an 
average of -18.7 ± 0.7 mV. As we mentioned in the previous section, the negative 
zeta potential of the platinum nanoparticles encourages the platinum nanoparticles 
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Figure 3.7 - (a) Size distribution curve, and (b) Zeta potential distribution curve of 







3.3.1.3 Electrophoretic deposition of graphene on ITO coated glass  
The electrophoretic deposition of graphene on the positively polarised ITO 
substrate is due to the negative surface charge (zeta potential) of graphene in water 
as discussed previously.  Electrophoretic deposition of graphene was carried out 
between 1.0 to 5.0 V. The optimum voltage for electrophoretic deposition was 
found to be 4.0 V as at lower voltages (1.0 to 3.0 V) very little graphene deposited, 
whilst at higher voltages (i.e. 5.0 V) electrolysis of water occurred. Electrophoretic 
deposition of graphene at 4.0 V was performed using a 2-electrode cell for varying 
lengths of time (i.e. 5 sec, 10 sec, 15 sec, 20 sec, 25 sec and 30 sec) to optimize a 
good graphene coverage  on the ITO layer and eliminate the effect of ITO, which can 
contribute to the electrochemical characterization in the experiment. It can be seen 
that at 5 sec, the graphene layer deposited showed an uneven pattern on the ITO 
(Figure 3.8a). The coverage by the graphene layer on ITO increased with increasing 
electrophoretic deposition period (Figure 3.8b to e). We found that the optimal 
time required to achieve good coverage of graphene on the ITO layer was 30 sec; as 
can be seen in the SEM image (Figure 3.8f) where the small white areas are bare ITO 
and the black areas are graphene. A longer deposition time is not advantageous for 
EPD as discussed earlier in Section 1.3. 
 
In this experiment, the rationale of putting graphene on the conductive ITO coated 
glass was to increase the electrochemically active surface area of the resultant 
electrode above that of the ITO alone, to promote electrochemical response and 
conductivity in various media, and encourage the deposition of other particles on to 
the graphene layer. Therefore, we chose the electrophoretic deposition of 
graphene at 10, 20 and 30 sec to determine the electrochemical active surface 
areas compared with bare ITO. Each electrode (1 cm2 geometrice area) was 
immersed in a solution containing 0.1 M tetrabutylammonium perchlorate (TBAP) 
as supporting electrolyte and 0.002 M ferrocene. Cyclic voltammetry was 
performed using a three-electrode cell with a bare ITO or ITO/graphene working 
electrode, Pt mesh counter electrode and an Ag/Ag+ reference electrode at a scan 




were then plotted versus the square root of the scan rates for each sample (Figure 






Figure 3.8 - SEM image of graphene deposited on ITO by electrophoretic deposition 
at 4 V (using a 2 electrode-cell) for:  (a) 5 sec, (b) 10 sec, (c) 15 sec, (d) 20 sec, (e) 25 
sec, (f) 30 sec.  All SEM images were taken at 1300 x, electrophoretic deposition of 
graphene of 30 sec shows good coverage of graphene on the ITO coated glass 
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Square root of scan rate 
y = 1.5987x + 0.116 





















      (c) 
 
      (d) 
Figure 3.9 – Linear dependence of anodic peak current of ferrocene on the square 
root of scan rate (υ1/2) of  ITO (a) and ITO with electrophoretic deposition of 
graphene for  10 sec (b), 20 sec (c), 30 sec (d). Solution:Ferrocene (0.002M) in TBAP 
(0.1 M)/Acetonitrile. 
y = 1.8603x + 0.1419 

















Square root of scan rate 
y = 2.2219x + 0.0785 






















To determine the electrochemical active surface area (ECSA) of graphene at 
different electrophoretic deposition periods, the Randles-Sevcik equation was 
applied (Equation 3.1). 
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   (3.1) 
 
Where ip is anodic or cathodic peak current,  
 ip = maximum peak current in amps  
 n = number of electrons transferred in the redox reaction (usually 1)  
 A = electrode area in cm2  
 F = The Faraday Constant in mol−1  
 Do = diffusion coefficient in cm
2 s-1  
 Co
* = concentration in mol/cm3  
 υ = scan rate in V/sec  
At 25 oC, equation 3.1 can be written as: 
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                     (3.2) 
 
Using ferrocene, plotting the anodic peak current (ip,a) vs. square root of scan rate 
(υ1/2) yields a slope that is equal to             
 
     
 
    
   
 
  . In this experiment, 
for ferrocene,   
  = 2*10-6 mol/cm3 and    = 2.24 × 10
-5 cm2/sec [37]. By solving the 
equation we can use the value from the slope to determine the electrochemical 
active surface area. The electrochemical active surface area of ITO, ITO/Graphene 
(electrophoretic deposition for 10, 20 and 30 sec) are listed in Table 3.1; showing an 
increasing ECSA with increasing electrophoretic deposition period. However, the 
plots of ip vs υ for ITO/Graphene were not ideal (according to Equation 3.1) as ip  did 
not extrapolate to zero when υ goes to zero (Figure 3.9b to d). The deviation 
suggests that the ferrocene redox reactions might not be as reversible (fast electron 





Table 3.1 - Electrochemical active surface areas of ITO, and electrophoretically 
deposited of graphene of different deposition periods of 10 sec, 20 sec and 30 sec. 
 
Electrode ECSA (cm2) 
ITO 0.33 ± 0.05 
ITO/Graphene  
(electrophoretic deposition 10 sec) 0.65 ± 0.05 
ITO/Graphene  
(electrophoretic deposition 20 sec) 0.73 ± 0.02 
ITO/Graphene  






















3.3.1.4 Electrophoretic deposition of platinum on graphene/ITO coated glass  
The platinum nanoparticles in acetone were electrophoretically deposited onto 
preformed electrophoretically deposited of graphene at 5.0 V to prevent bubbles 
being generated on the electrode surface when electrophoretic deposition was 
carried out at too high voltage and long deposition periods. Although 
electrophoretic deposition at higher potentials resulted in higher deposition rates, 
the quality of deposition morphology deteriorated due to higher applied potentials 
disturbing the particles and the surrounding medium while depositing [38]. 
Therefore, the highest possible potential used in this experiment was 5.0 V. 
Electrophoretic deposition of platinum nanoparticles in acetone onto an 
electrophoretically deposited graphene layer was performed using a 2-electrode 
cell. The SEM images of graphene/platinum electrodes are shown in Figure 3.10. It 
can be seen that the deposition of platinum nanoparticles (white area) increased 
with increasing electrophoretic deposition period (Figure 3.10 a to f). The 
electrophoretic deposition period of 180 sec gave the least deposition of the 
platinum nanoparticles on the graphene layer (Figure 3.10a) while electrophoretic 
deposition at 300 sec (Figure 3.10c) and 600 sec (Figure 3.10e) show that the 
deposition of platinum nanoparticles increased significantly. The platinum 
nanoparticles are shown by high magnification SEM (Figure 3.10g), to be 25 to 50 
nm in diameter. This indicates that only the smaller platinum nanoparticles were 
electrophoretically depositied from the colloidal dispersion that had a range of 
particle sizes of 25 nm to 100 nm. However, the acquisition of size distribution by 
intensity could overestimate the amount of large particles with respect to a size 
distribution by number. Figure 3.10h shows electrophoretic deposition at 10 min of 
platinum onto bare ITO at a magnification of 10000x. The amount of deposited 
platinum visible on the bare ITO coated glass (highlighted by circles) is significantly 
less than that on electrophoretically deposited graphene coated ITO electrodes. 
This indicates that platinum does not favourably deposit onto bare ITO surface 











Figure 3.10 - SEM images of platinum nanoparticles deposited on graphene by 
electrophoretic deposition at 5 V (using a 2 electrode-cell) for:  (a) 180 sec (2000x), 
(b) 180 sec (50000x), (c) 300 sec (2000x), (d) 300 sec (50000x), (e) 600 sec (2000x), 
(f) 600 sec (50000x), (g) high magnification SEM (100000x) of platinum 
nanoparticles on graphene, (h) 600 sec on ITO coated glass (10000x). 
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The percent transmittance of the Pt on pre-deposited graphene on ITO coated glass 
(ITO/G/Pt) electrodes in Figure 3.11 was measured at 565 nm as it is most 
responsive to human eyes. Electrophoretic deposition of platinum nanoparticles 
onto ITO/Graphene electrodes for 180, 300 and 600 sec show no difference in 
percent transmittance; which is approximately 40 percent. This is not surprising as 
the graphene layer absorbs a significant amount of light and the SEMs of the 
ITO/G/Pt electrodes (Figure 3.10) show that the platinum nanoparticles were 
deposited in clusters, resulting in a low surface coverage of Pt thus leaving large 




Figure 3.11 - Transmittance of ITO/G/Pt electrodes as a function of electrophoretic 
deposition time of platinum nanoparticles onto ITO/Graphene electrode. 
Transmittance recorded at a wavelength of 565 nm. Transmittance of bare 
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3.3.1.5 Redox behaviour at Pt on pre-deposited graphene on ITO coated glass 
electrodes in I-/ I3
- 
Platinum is commonly used as a catalyst in iodide ion/tri-iodide ion (I-/ I3
-) 
electrolyte in dye-sensitized solar cells (DSSCs). Fabricated Pt on pre-deposited 
graphene on ITO coated glass (ITO/G/Pt) electrodes were investigated for their 
electrochemical catalysis behaviour for potential use in dye-sensitized solar cells. 
The study was performed using cyclic voltammetry in a solution of acetonitrile 
containing tetrabutylammonium perchlorate (TBAP) (0.1 M), LiI (0.01 M) and I2 
(0.005 M) over a potential window of -0.7 V to 1.0 V. Cyclic voltammetry (CV) of 
these electrodes was carried out in a three-electrode cell with a graphene/platinum 
working electrode, Pt mesh counter electrode and an Ag/Ag+ reference electrode at 
a scan rate of 50 mV s-1. Cyclic voltammograms of the ITO/G/Pt electrodes in the I-/ 
I3
-, system for electrodes prepared by 30 sec electrophoretic deposition of graphene 
on ITO coated glass at 4 V followed by 180, 300 and 600 sec electrophoretic 
deposition of platinum on the graphene layer at 5 V are shown in Figure 3.12. 
Additional comparisons were made with electrodes that comprised 30 sec 
electrophoretic deposition of graphene on ITO coated glass (ITO/Graphene), and 
600 sec electrophoretic deposition of platinum on ITO coated glass (ITO/Pt). Two 
well defined redox couples are observed at the ITO/G/Pt electrodes corresponding 
to the oxidation and reduction of I-/ I3
- . The redox couples are given below: 
I3
- + 2e-    →       3I-    (3.3) 
(-0.28 / +0.17 V vs Ag/Ag+) 
3I2 + 2e
-   →     2I3
-    (3.4) 
     (+0.38 / +0.65 in V vs Ag/Ag+) 
 
It can be seen that the current increased for the ITO/G/Pt electrodes produced with 
increased platinum electrophoretic deposition times. In contrast, the current 
obtained at the ITO/Pt electrode was significanty lower; as would be expected as 
the SEM images (Figure 3.10h) of this electrode showed very little platinum 
deposited on the bare ITO coated glass for the same period of electrophoretic 
deposition time (600 sec). Figure 3.12 also shows that graphene (electrophoretically 
← 





deposited on ITO for 30 sec) induces redox of the I3
-/I2 couple (Equation 3.4), but 
only oxidation of I- to I3
-; that is the I-/ I3
- couple (Equation 3.3) at bare graphene 
alone is irreversible. 
 
These results suggest that ITO/G/Pt electrodes may be promising electrodes for 
DSSC where the reversibility of the I-/ I3
- couple of the electrolyte within the solar 
cell is important. However, the percent transmittance of ITO/G/Pt electrodes was 
less than 50 percent due to the deposition of the graphene layer at 30 sec. 
Therefore, these ITO/G/Pt electrodes may only be suitable for use as counter 
electrodes in dye-sensitized solar cells (DSSC). 
 
Figure 3.12 - CVs obtained at ITO/G/Pt electrodes (vs Ag/Ag+ reference electrode) 
with different platinum electrophoretic deposition times in LiI (0.01 M), I2 (0.005 
M), TBAP (0.01 M) in ACN at a scan rate of 50 mV s-1. For comparison, CVs of ITO/Pt 
(Pt 600 sec) and ITO/Graphene (G 30 sec) are included. Arrows show the direction 





























3.3.1.6 Redox behaviour at Pt on pre-deposited graphene on ITO coated glass 
electrodes in sulfuric acid 
Pt on pre-deposited graphene on ITO coated glass (ITO/G/Pt) electrodes were 
subjected to cyclic voltammetry to investigate the hydrogen generation properties 
in a solution of acid. In addition the electrochemical active surface area (ECSA) of 
platinum deposited on electrophoretically deposited graphene was determined in 
sulphuric acid because this technique affords the ECSA of Pt alone as we can not 
observe the activity of graphene for hydrogen adsorption and desorption (Figure 
3.13). The ECSA represents the number of available active sites for catalysis and 
electron transfer at the electrode surface. 
 
The electrochemical behaviour of ITO/G/Pt electrodes was studied in degassed (by 
Nitrogen gas) H2SO4 (0.2 M) solution and cycled between -0.20 and 1.25 V using a 
graphene/platinum working electrode, Pt mesh counter electrode and an Ag/AgCl 
(3.0 M NaCl) reference electrode at a scan rate of 50 mV s-1.The cyclic 
voltammograms (Figure 3.13) of the ITO/G/Pt electrodes also show two well 
defined peaks in the potential range from -0.20 to 0.10 V; both cathodic and anodic 
peaks are due to hydrogen adsorption/desorption processes. As can be seen in 
Figure 3.13, when H+ ions are reduced it leads to the adsorption of hydrogen atoms. 
When the scan is reversed, the adsorbed hydrogen atoms are oxidized and 
desorbed. The integration of both cathodic and anodic peaks quantifies the activity 
of platinum sites for hydrogen adsorption and desorption. Furthermore, it can be 
seen that the electrochemical current increases with increasing platinum loading 
(Figure 3.13). The longest period of electrophoretic deposition of platinum yielded 
the most significant increase in the electrochemical current and hence charge; 









ECSA (cm2) can be determined by charge integration (QH (μC)) of the hydrogen 
adsorption and desorption peaks of the cyclic voltammogram followed by 
application of Equation 3.5 [39]: 
 
          
   
              
 
 
Where 210 µC cm-2 is the charge associated with a monolayer adsorption of 
hydrogen. The electrochemical charge and electrochemically active surface area are 




Figure 3.13 - CVs obtained at ITO/G/Pt electrodes (vs Ag/AgCl - 3 M NaCl), with 
different loadings of Pt, in H2SO4(aq) (0.2 M) at a scan rate of 50 mV s
-1. For 
comparison, CVs of ITO/Pt (Pt 600 sec) and ITO/Graphene (G 30 sec) are included. 


























Table 3.2 - Electrochemical active surface area (ECSA) of Pt for ITO/G/Pt electrodes. 
Data were calculated using Equation 3.5 and charge obtained from CVs shown in 
Figure 3.13. 
 
ITO/G/Pt  Electrical charge (µC) ECSA (Pt) cm2 
Electrophoretic deposition 
of platinum 3 mins 185.8 0.88 
Electrophoretic deposition 
of platinum 5 mins 196.0 0.93 
Electrophoretic deposition 
of platinum 10 mins 323.5 1.54 
 
From Table 3.2, it can be seen that the electrochemical active surface area for 
platinum increases with increasing deposition period. Figure 3.13 also shows that 
the ITO/graphene electrode exhibited no hydrogen adsorption/desorption activity 
(no cathodic and anodic peaks of hydrogen adsorption/desorption processes). 
Furthermore, the ITO/platinum (ITO/Pt) electrode had significantly less hydrogen 
adsorption/desorption activity (evidenced by tiny cathodic and anodic peaks of 
hydrogen adsorption/desorption processes) due to less platinum being deposited 
for the same electrophoretic deposition period (600 sec). The onset potential 
(decomposition potential) at ITO/G/Pt electrode (600 sec electrophoretic deposition 
of Pt) in sulfuric acid was 0.05 V (vs Ag/AgCl - 3 M NaCl). This is in agreement with 











3.3.2 ITO coated glass/nanocomposite graphene:platinum electrode 
In Section 3.3.1, we successfully produced ITO/G/Pt electrodes that exhibited 
electrochemical behaviour in both I-/I3
- and in sulfuric acid for potential use in dye-
sensitized solar cells (DSSC) and for hydrogen generation. The method employed in 
the fabrication was a two-step electrophoretic deposition process whereby 
platinum nanoparticles were sequentially deposited onto a preformed 
electrophoretically depositied graphene layer. In this section a one-step process 
was developed where the nanocomposite graphene:platinum was 
electrophoretically deposited on ITO coated glass from a graphene:platinum 
nanocomposite colloidal dispersion. 
3.3.2.1 Dispersion characterization 
Characterisation of the graphene:platinum nanocomposite colloidal dispersion in 
DMF (Figure 3.14) showed a zeta potential value of -14.7 ± 0.6 mV.  Therefore these 
negatively charged particles can be deposited at the anode by electrophoretic 
deposition; as in the case for ITO/G/Pt electrodes. The graphene:platinum 
nanocomposite material was further characterized by UV-vis spectrophotometry to 
observe its homogeneity as a colloidal dispersion in water and DMF; as determined 
by plotting the calibration curve of concentration vs absorbance (230 nm) [36]. 
Figure 3.15a demonstrates that absorbance for this graphene:platinum 
nanocomposite material in water is a linear function of concentration, thus showing 
a good dispersion quality. Unfortunately, the absorbance of DMF occurs at the low 
wavelength [40], where the peak for graphene:platinum nanocomposite materials 
appears,  so we can not determine the dispersion quality by this method in DMF 
solvent. However, after storage of the composite colloidal dispersion for 2 months, 
there was no observed agglomeration or precipitation of the graphene:platinum 








Figure 3.14 - Zeta potential distribution curve of graphene:platinum nanocomposite 














Figure 3.15 - (a) Plot of absorbance vs concentration of graphene:platinum 
nanocomposite colloidal dispersion in water, and (b) Graphene:Platinum 
nanocomposite colloidal dispersion showing no agglomeration after storage for 2 
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As the graphene:platinum nanocomposites were not spherical, it was not possible 
to obtain a reliable particle size using the zetasizer (dynamic light scattering 
technique). Therefore, Atomic Force Microscopy (AFM) was used to confirm the 
presence and size of the platinum nanoparticles on graphene sheets of a drop cast 
film from the nanocomposite colloidal dispersion. The lateral resolution here is at 
the limit of the tip diameter. The tips used for (AFM) scanning the specimen have an 
end radius of about 10nm. The AFM image of this drop cast film (Figure 3.16a) 
shows clusters of platinum nanoparticles on the graphene sheet. From the cross-
section topology (Figure 3.16b), the height of the platinum nanoparticle clusters on 
the graphene:platinum nanocomposite sheet was measured to be approximately 3 
to 6 nm whereas the diameter ranged from around 40 to 100 nm. The expanded 
image of the topology cross-section of the platinum nanoparticle clusters (Figure 











Figure 3.16 - AFM image (a) showing platinum on graphene sheet of a drop cast film 
from the graphene:platinum nanocomposite colloidal dispersion in DMF. The cross-
section topology (b) of the cluster of platinum nanoparticles on graphene is taken 
from the line shown in (a). (c) The expanded image of the topology cross-section of 









3.3.2.2 Electrophoretic deposition of nanocomposite graphene:platinum on ITO 
coated glass electrodes. 
Further experiments were carried out on the electrophoretic deposition of 
graphene:platinum nanocomposites in DMF dispersion onto ITO coated glass to 
produce graphene:platinum nanocomposite electrodes (ITO/G:Pt electrodes). SEM 
images of electrophoretic deposits from the graphene:platinum nanocomposite 
dispersion onto ITO coated glass show increasing graphene:platinum loading with 
increase in electrophoretic deposition period (Figure 3.17a to f). It can be seen that 
at the shortest electrophoretic deposition period the deposition of 
graphene:platinum nanoparticles on ITO coated glass could not achieve full 
coverage; e.g. Figure 3.17a and b where in Figure 3.17b  the light grey areas are ITO, 
the dark grey areas are graphene, and the white regions are platinum. For ITO/G:Pt 
electrodes, an electrophoretic deposition time of 60 sec resulted in complete 
coverage of the ITO coated glass. This coverage consisted of a coating of 
graphene:platinum evenly spread over the ITO resulting in a good coverage of 
platinum evident at the surface (Figure 3.17e and f). It is likely that platinum 
nanoparticles are also contained within the nanocomposite film. However, Figure 
3.17a, c and e clearly show that the electrophoretic deposition of 
graphene:platinum nanocomposite achieved a more even coverage of platinum 
over the surface of the electrode, as compared with the layer-by-layer technique 
(Figure 3.10). High resolution SEM (Figure 3.17g) of the electrophoretically 
deposited graphene:platinum nanocomposite electrode shows that the platinum 
nanoparticles on the graphene exist as clusters of 80-90 nm in diameter. These 
clusters appear to contain smaller platinum nanoparticles with a diameter less than 
10 nm. This corresponds to the AFM image and topology cross section (Figure 
3.16a, b and c) that shows the size of the cluster of platinum nanoparticles as 3 to 6 
nm in height and 40 to 100 nm in width for the drop cast film. Moreover, the high 
resolution SEM (Figure 3.17g) also shows that these clusters consist of platinum 









Figure 3.17 - SEM images of ITO coated glass electrophoretically deposited with 
graphene:platinum nanocomposite at 4 V (two-electrode cell) for 10 sec: (a) 
10000x, (b) 50000x ; for 30 sec: (c) 10000x, (d) 50000x ; and for 60 sec: (e) 10000x, 
(f) 50000x, and (g) 400000x. 
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Transmittance of the ITO/G:Pt electrodes was measured at 565 nm (Figure 3.18). 
Electrophoretic deposition of graphene:platinum nanocomposites on ITO glass for 
10 sec achieved a high transmittance of approximately 72 %, whereas  ITO glass 
itself shows a transmittance of 79%. The transmittance of the ITO/G:Pt electrodes 
with increasing electrophoretic deposition period dropped to approximately 50 % 




Figure 3.18 - Transmittance as a function of electrophoretic deposition time of 
graphene: platinum nanocomposites onto ITO coated glass from DMF. 
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3.3.2.3 Redox behaviour of I-/ I3
- at ITO coated glass/nanocomposite 
graphene:platinum electrode 
To make a comparison, fabricated ITO/G:Pt electrodes were investigated the 
electrochemical catalysis behaviour for potential to be used in dye-sensitized solar 
cells (DSSC) as discussed previously in section 3.3.1.4. The graphene:platinum 
nanocomposite electrodes formed by electrophoretic deposition at 10, 30 and 60 
sec on ITO coated glass were tested in the I-/ I3
- redox system. Cyclic 
voltammograms (Figure 3.19) show two redox couples that were also detected at 
ITO/G/Pt electrodes (Figure 3.12). In this case, similar to those redox couples, the 
peak potentials were: -0.26/+0.16 V vs Ag/Ag+ for Equation (3.3) and +0.38/+0.63 V 
vs Ag/Ag+ for Equation (3.4). It can be seen that the current increases with 
increasing electrophoretic deposition period. However, at 10 sec electrophoretic 
deposition the CV shows wider peak separation for the first redox couple (I-/ I3
-); 
probably due to the ITO surface not being fully covered with the graphene:platinum 
nanocomposite (Figure 3.17a). The platinum catalyses the reduction of I3
- to I- and 
this reduction peak of the CV for the 10 sec electrophoretic deposition electrode is 
shifted cathodically; indicating less catalytic activity. 
 
Nevertheless the electrophoretic deposition of graphene:platinum nanocomposite 
on ITO coated glass is a superior method than the layer-by-layer technique because 
it can produce catalytic electrodes that have high transparency (depending on 
electrophoretic deposition time). This affords the potential for these electrodes to 






Figure 3.19 - CVs obtained at ITO/G:Pt electrodes (vs Ag/Ag+ reference electrode), 
with different loadings of graphene:platinum nanocomposite, in LiI (0.01 M), I2 
(0.005 M), TBAP (0.01 M) in ACN at a scan rate of 50 mV  s-1. Arrows show the 

































3.3.2.4 Redox behaviour at ITO coated glass/nanocomposite graphene:platinum 
electrode in sulfuric acid 
The hydrogen generation properties and the electrochemical active surface area 
(ECSA) of the ITO/G:Pt electrodes were investigated in acid. CV was performed in 
nitrogen saturated H2SO4 (0.2 M) and cycled between -0.20 and 1.25 V (vs Ag/AgCl) 
at a scan rate of 50 mV s-1. Cyclic voltammograms of the electrodes are shown in 
Figure 3.20. They also show two peaks in the potential range from -0.20 to 0.10 V 
but the peaks are not as well defined as for the CVs obtained at ITO/G/Pt electrodes 
(Figure 3.13). The peak currents, however, also increased with increasing loading of 
the composite (increasing platinum loading). The areas under the peaks were 
integrated and applied in Equation (3.5) to calculate the ECSA of platinum (Table 
3.3) of these electrodes. 
 
The results in Table 3.3 show an increasing ECSA for platinum with increasing 
loading of graphene:platinum nanocomposite. Furthermore, when compared with 
the ECSA results for the ITO/G/Pt electrodes (Table 3.2), the graphene:platinum 
nanocomposite achieved higher ECSA for platinum at much shorter electrophoretic 
deposition periods. For example, a 60 s electrophoretic deposition of the 
nanocomposite yielded an ECSA of 2.04 cm2 compared with 1.54 cm2 achieved by a 
600 sec electrophoretic deposition of platinum nanocomposite for the layered 
ITO/G/Pt electrode. This is due to the wider and more even spread of platinum sites 
achieved for ITO/G:Pt electrodes (as evidenced by SEM - Figure 3.17) as compared 













Figure 3.20 - CVs obtained at ITO/G:Pt electrodes (vs Ag/AgCl - 3 M NaCl), with 
different loadings of graphene:platinum nanocomposite, in H2SO4(aq) (0.2 M) at a 
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Table 3.3 - Electrochemical active surface area (ECSA) of Pt for ITO/G:Pt electrodes. 
Data were calculated using Equation 3.5 and charge obtained from CVs shown in 
Figure 3.20. 
G:Pt nanocomposite Electrical charge (µC) ECSA (Pt) cm2 
Electrophoretic deposition 
of nanocomposites 10 s 153.0 0.73 
Electrophoretic deposition 
of nanopcomposites 30 s 283.3 1.35 
Electrophoretic deposition 
of nanocomposites 60 s 427.8 2.04 
 
 
Further comparative studies between the layered and nanocomposites electrodes 
were then performed. The layered ITO/G/Pt and ITO/G:Pt nanocomposite 
electrodes with longest deposition period of platinum (10 min for ITO/G/Pt and 30 
sec for ITO/G:Pt) were chosen to determine the mass of platinum by using X-ray 
photoelectron spectroscopy. The analysis depth of XPS is about 5 nm on average. 
However, the surface components (eg. the first 1-2 atomic layers) contribute over 
50% of intensity. The adventitious contamination is basically hydrocarbon. S or N 
are not included. XPS is not a good technique for absolute quantitative analysis. The 
way of calculation assumes that all detected elements were evenly distributed in 
the surface layer. Nevertheless, the quantitative comparison for a group of similar 
samples are reliable. The accuracy is within +/- 10% relatively. The XPS elemental 
analysis data of ITO/G/Pt and ITO/G:Pt are listed in Table 3.4 and 3.5. The platinum 
mass of both ITO/G/Pt and ITO/G:Pt electrodes were calculated using Equation 3.6. 
 
                   
                                       




The weight of Pt on ITO/G/Pt and ITO/G:Pt were determined to be approximately 





platinum content of the electrode prepared by the layer-by-layer technique is much 
higher than by the nanocomposite method. Cyclic voltammograms, of both types of  
electrodes, in terms of current density vs potential, are presented in Figure 3.21; 
which shows that the current density of the ITO/G:Pt electrode is almost 10 times 
higher than that for the ITO/G/Pt electrode.  ECSA of Pt (cm2/g) for both types of 
electrodes was calculated by using Equation 3.7  [17] and the platinum weight 
reported.  
 
                    
         
   
                                             
 
 
The ECSA of Pt for the ITO/G/Pt electrode and ITO/G:Pt electrode have been 
calculated to be 59,000 cm2/g (5.9 m2g-1) and 497,000 cm2/g (49.7 m2g-1), 
respectively. The ECSA of Pt (49.7 m2g-1) for the ITO/G:Pt electrode is much higher 
than that of the drop cast film (16.9 m2g-1) reported by Seger and Kamat [17]. 
Although Seger and Kamat also prepared electrophoretically deposited films, they 
did not report an ECSA Pt value. 
 
 











Pt4f 1.590 195.078 310.174 20.054 0.026 
S2p 8.270 32.066 265.186 17.146 0.022 
C1s 42.770 12.011 513.698 33.213 0.043 
N1s 1.990 14.007 27.873 1.802 0.002 
O1s 26.860 15.999 429.744 27.785 0.036 
















(amu) Atomic weight 
Weight 
percent Mass (mg) 
Pt4f 0.270 195.078 52.671 3.912 0.004 
S2p 9.830 32.066 315.209 23.410 0.025 
C1s 32.920 12.011 395.392 29.365 0.031 
N1s 0.240 14.007 3.362 0.250 0.000 
O1s 36.240 15.999 579.818 43.063 0.045 
Total     1346.452 100.000 0.105 
 
 
Figure 3.21 - CVs presented as current density (mA/mg) vs potential at ITO/G/Pt 
electrodes and ITO/G:Pt electrodes (vs Ag/AgCl - 3 M NaCl) in H2SO4(aq) (0.2 M) at a 
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Therefore, the nanocomposite approach appears to be a superior method than the 
layer-by-layer method for producing catalytic electrodes. This is most likely due to 
the platinum nanoparticles size on the electrodes fabricated by layer-by-layer 
method being much larger than those on the electrodes fabricated from 
nanocomposite dispersion. We can observe that the platinum nanoparticles shown 
by high magnification SEM (Figure 3.10g) were 25 to 50 nm in diameter for 
electrodes fabricated by the layer-by-layer technique whereas the 
electrophoretically deposited graphene:platinum nanocomposite electrode shows 
clusters of platinum that appear to contain smaller platinum nanoparticles with a 
diameter of less than 10 nm on graphene sheets (Figure 3.16a, b and c). This 
explains why the ITO/G:Pt electrodes show larger ECSA and improved catalytic 
activity. 
 
Another measure of catalytic activity is the onset potential or the starting potential 
for hydrogen evolution which varies with the nature of materials. The positive onset 
potentials for hydrogen evolution observed at these electrodes indicate their 
catalytic property [41] which is pronounced on both types of electrodes. The onset 
potential for hydrogen generation, at the ITO/G:Pt electrode (produced by 60 sec 
electrophoretic deposition) in sulfuric acid was 0.07 V (vs Ag/AgCl - 3 M NaCl). This 
value is approximately the same as the value obtained at the layered ITO/G/Pt 














Novel catalytic electrodes have been successfully prepared by electrophoretic 
deposition of graphene and platinum nanoparticles sequentially or by single-step 
electrophoretic deposition of graphene:platinum (G:Pt) nanocomposite, onto ITO 
coated glass. The electrophoretic deposition period required for full coverage of the 
ITO surface with G:Pt for the ITO/G:Pt electrode was shorter than for the layer-by-
layer approach to prepare the Pt layer for the layered ITO/G/Pt electrode (seconds 
compared with minutes). This shorter period may be because the electrophoretic 
deposition of the nanocomposite was affected more by the graphene component 
than by the platinum; based on a similar phenomenon observed with the ITO/G/Pt 
electrodes where the electrophoretic deposition period required to achieve a good 
graphene layer coverage was 30 sec. It would appear that graphene has a higher 
affinity for ITO than Pt has for ITO. In addition, the SEM images also show that 
platinum prefers to be associated with graphene rather than ITO. The 
nanocomposite route has been shown to be superior to the layer-by-layer approach 
to achieve higher percent of visible light transmittance and over 8 times higher 
platinum electrochemical active surface area (ECSA m2g-1) for catalysis as the 
platinum nanoparticle size on ITO/G:Pt electrode is much smaller than ITO/G/Pt 
electrodes. This catalytic activity has been demonstrated for the I-/ I3
- redox couple 
and in hydrogen ion reduction from H2SO4 (0.2 M). These results demonstrate the 
promising potential of the electrophoretic deposition method to prepare catalytic 
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Electrochromic devices can change the optical transmittance by electrochemical 
redox processes or upon charge insertion/extraction resulting from applied voltage 
[1-4]. Most researcher has focused on electrochromic devices using transparent 
glass substrates/electrodes. Up to now, much investigation have been performed 
on plastic substrates in order to achieve flexible electrochromic devices. These 
flexible devices are attractive for potential applications such as flexible displays and 
switchable optical filters [5]. Most of the research on flexible electrochromic 
devices utilize a commercial transparent electrode material combined with a 
thermoplastic; such as indium tin oxide (ITO) or conducting oxide coated 
poly(ethylene terephthalate (PET) [6-8] and polyester-based foil incorporating 
electrochromic W oxide and Ni oxide [9, 10].  
 
Conducting polymers have been widely accepted for use as electrochromic 
materials due to their optical property and stability. Poly(3,4-
ethylenedioxythiophene:polystyrene sulfonic acid (PEDOT:PSS) has been popular 
choice as it posses high stability and high conductivity in the doped form. The 
oxidized state (doped form) and reduced state (undoped form) of PEDOT display 
different colours (Figure 4.1). The colour of PEDOT changes from opaque blue 
(reduced state) to transparent light blue (oxidized state). This redox property makes 
PEDOT a good candidate for electrochromic materials [11]. Typically in 
electrochromic devices, indium tin oxide (ITO) on glass or plastic has served as a 
conducting substrate on which conducting polymer has been deposited by casting, 
electropolymerization or spin coating [8, 12]. To our knowledge, there has been a 
report of  graphene being used as a conductive layer on solid substrates for 
polyaniline electrochromic devices [13]. However, there is no report to date on 







Figure 4.1 – Schematic diagram shows electrochromic switching of PEDOT:PSS. 
Reproduced from Heuer [14]. 
 
Ionic liquids (ILs) are a promising class of new materials and have been widely used 
in electrochromics nowadays [15-21] to eliminate the drawbacks of organic solvents 
such as acetonitrile. Ionic liquids are non-volatile, have good ionic conductivity and 
give wider electrochemical windows. 1-ethyl 3-methyl imidazolium 
bis(trifluoromethylsulfonyl) imide [EMI][TFSI] and 1-butyl- 1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl) imide [P1,4][TFSI] ionic liquids were selected for use in 
our experiments as they confer high transparency on the PVDF membrane when 
soaked with them. In addition they have wide electrochemical windows; up to 4.5 









This chapter describes the work undertaken to replace PET with Polyvinylidene 
Fluoride (PVDF) membrane. This membrane was rendered conducting by the 
electrophoretic deposition (EPD) of a graphene film onto the PVDF membrane. 
Subsequently, PEDOT:PSS was printed on to the graphene layer and rendered 
transparent by soaking with ionic liquid. To our knowledge, there is no report on 
using PVDF membrane as a transparent and flexible substrate and also using 
graphene deposited on the membrane to serve as a supporting conductive layer. A 
printing technique has been employed as a protocol for PEDOT deposition as the 
technique lays down uniform layers at high precision [23]. [EMI][TFSI] and 
[P1,4][TFSI] ionic liquid were employed to achieve transparency of the PVDF 
membrane and also served as electrolytes for electrochromic testing. 
Electrochromics performance parameters such as optical contrast and switching 
time have been measured to investigate the advantage of using graphene layer on 






















The aims of the research described in this chapter can be summarized as follows: 
- To fabricate a conductive flexible substrate by employing PVDF membrane as a 
flexible substrate and electrophoretically depositing graphene on the membrane as 
a conductive layer. 
- To fabricate electrochromic electrodes from non-conducting substrate by printing 
PEDOT on the electrophoretic deposition of graphene coated PVDF membrane. 
- To optimize the use of ionic liquids as electrolytes that are suitable for redox 
processes in electrochromics and to render the electrode transparent.  
- To improve the electrochromic performance; such as contrast and switching rate 
of PVDF/graphene/PEDOT electrodes as compared with printed PEDOT on PVDF 






















4.2.1 Chemicals and Materials 
Natural graphite employed in this work was SP-1, Bay Carbon supplied by Cabot. 
Tetrabutylammonium perchlorate (TBAP, Sigma-Aldrich), 1-ethyl 3-methyl 
imidazolium bis(trifluoromethylsulfonyl) imide [EMI][TFSI] and 1-butyl- 1-
methylpyrrolidinium bis(trifluoromethylsulfonyl) amide [P1,4][TFSI] were obtained 
from Merck and used as received. The following chemicals obtained from Sigma-
Aldrich were also used as received: ammonia solution, hydrazine (35 wt% in water), 
sodium nitrate and potassium permanganate. Durapore membrane filters, 
Polyvinylidene fluoride (PVDF) with pore size 0.22 µm was purchased from Millipore 
and cut into 0.9cm × 5 cm pieces. PEDOT:PSS was purchased from H.C. Starck 
GmbH, Germany. 
4.2.2 Equipment / Instrumentation 
Electrophoretic deposition of graphene on PVDF membrane was carried out using a 
potentiostat (eDAQ) EA 160 electrochemical system (eDAQ Pty Ltd). Printing of 
PEDOT on PVDF membrane or graphene layer on PVDF membrane was achieved 
using an IPRI in-house built inkjet printer (Figure 4.3). The microstructure of 
graphene electrodes and graphene:PEDOT electrodes were observed by field 
emission scanning electron microscope (FESEM) JEOL7500 at specific voltages of 0.5 
kV and Optical Leica Microscopy model DMED controlled by Leica software version 
(2.4.0 R1). Transmittance of graphene electrodes were studied using UV-VIS 
spectroscopy (Model Shimadzu UV-1601 spectrophotometer with UVProbe (v.2.10) 
software).  
 
For electrical connection to the coated PVDF membrane electrodes, a Pt mesh was 
clipped to the top of the electrode making contact with the coating. This was done 
for all relevant electrochemical experiments. Cyclic voltammetry (CV) of PEDOT 
electrodes was carried out in a three-electrode cell using a potentiostat (eDAQ) EA 
160 electrochemical system (eDAQ Pty Ltd) with a PEDOT on membrane working 




electrode at a scan rate of 25, 50, 75 and 100 mV s-1. The electrolyte was [EMI][TFSI] 
and [P1,4][TFSI] ionic liquid performed over a potential window of -1.0 V to 1.0 V. 
Spectroelectrochemistry of PEDOT and graphene:PEDOT electrodes, in [EMI][TFSI] 
ionic liquid electrolyte, was carried out using a UV-VIS spectroscopy (Model 
Shimadzu UV-1601 spectrophotometer with UVProbe (v.2.10) software) to measure 
the absorbance change with respect to an applied constant potential using a 
potentiostat (eDAQ) EA 160 electrochemical system (eDAQ Pty Ltd). The 
experiments were performed over the wavelength range of 300 nm to 1000 nm, 
and the potential was varied from +0.7 V to -0.9 V.  
 
Contrast was measured using a Shimadzu Multispect Diode Array – UV 1501 to 
measure the transmittance change with applied switching potential using a 
potentiostat (eDAQ) EA 160 electrochemical system (eDAQ Pty Ltd). The potential 
was switched between +0.7 V to -0.9 V with a period of 1 min applied at each 
potential on the PEDOT or PEDOT on graphene working electrode with respect to 
the silver pseudo reference electrode. Platinum mesh was used as counter 
electrode. The electrolyte, [EMI][TFSI] ionic liquid, was used over a potential 
window of +7000 mV and -9000 mV. The contrast of electrodes was measured at 
565 nm as it is most responsive to human eyes.  
4.2.3 Methods 
4.2.3.1 Graphene layer fabrication 
The electrophoretic deposition of graphene was carried out in water under ambient 
conditions in a two-electrode cell using a potentiostat (eDAQ) EA 160 
electrochemical system (eDAQ Pty Ltd). PVDF membrane (0.22 µm pore size) was 
placed on a similar size of stainless steel plate to create an electric field through the 
porous PVDF membrane between the stainless steel plate and the platinum mesh 
counter electrode. Electrophoretic deposition of graphene was done onto PVDF 
membrane at 4 V (condition obtained from chapter 3) for various periods of time (3, 
5 and 10 sec). The negative zeta potential on graphene colloidal particles caused 




plate) to form a layer on the PVDF membrane. A schematic diagram of the process 






















Figure 4.2 - Schematic diagram of the electrophoretic deposition process of 





PVDF membrane on 












4.2.3.2 PEDOT layer fabrication 
PEDOT:PSS was printed on to PVDF membrane, or PVDF membrane with 
electrophoretically deposited of graphene layer, using an inkjet printer (Figure 
4.3a). PVDF membranes with size 0.9 cm × 5 cm were placed on the glass slide and 
mounted on the printer tray (Figure 4.3b). PEDOT:PSS was injected to the print head 
(Figure 4.3c) and jetted through the nozzle (Figure 4.3d) The number of nozzles is 
126, each with a diameter of 50 micron and drop volume 100-250 pL. PEDOT:PSS 
was printed on the membranes with a print area 17mm × 300mm (single axis 
stagezz) and resolution 188 DPI. 
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                   (d) 
 
Figure 4.3 - Schematic diagram and images of reactive inkjet printer (a), printer tray 





4.3 Results and Discussions 
4.3.1 Graphene layer fabrication on PVDF membrane and characterization 
4.3.1.1 Electrophoretic deposition of graphene on PVDF membrane 
For the first layer fabrication, graphene was deposited on PVDF membrane using 
electrophoretic deposition at 3, 5 and 10 seconds at 4 V using a 2-electrode cell to 
fabricate the conducting layer on the membrane. It can be seen that electrodes 
became darker with increasing electrophoretic deposition time (Figure 4.4a), as the 
amount of graphene deposited on the PVDF membrane increased. The graphene 
deposited on the PVDF membrane showed good mechanical stability on the 
membrane both before and after soaking with [EMI][TFSI] ionic liquid. The 
graphene could not be scratched or peeled off easily. 
 
As mentioned earlier, ionic liquids were employed in this experiment to achieve 
transparency of the PVDF membrane and this is demonstrated in Figure 4.4b. It can 
be seen that blank PVDF membrane and PVDF membrane with electrophoretically 
deposited graphene on it are transparent after soaking with [EMI][TFSI] ionic liquid. 
The green lines underneath the PVDF membranes were invisible before soaking 

















       (a)                       (b) 
 
Figure 4.4 – From left to right, blank PVDF membrane and electrophoretically 
deposited graphene on PVDF membrane for 3, 5 and 10 sec; before (a) and after (b) 
soaking with [EMI][TFSI] ionic liquid. After soaking the membrane became 
transparent. 
 
The graphene/ PVDF membrane electrodes were soaked in [EMI][TFSI] ionic liquid 
for a few seconds and left for 10 min at room temperature to allow the ionic liquid 
to absorb in to the membrane. After soaking with [EMI][TFSI] ionic liquid the 
membranes become transparent. The transmittance of the graphene/PVDF 
membrane electrodes was investigated as this is critical for electrochromics. A 
lower transmittance in the electrodes results in a lower contrast which is 










In this experiment, transmittance was recorded at 565 nm as this wavelength is 
most visible to the human eye. As expected, the transmittance decreased with 
increasing electrophoretic deposition time (Figure 4.5). Transmittance at 3, 5 and 10 
sec are 93.2 ± 1.75 %, 90.6 ± 1.71 % and 85.8 ± 0.83 % percent respectively. These 
results confirmed that the amount of graphene deposited by electrophoretic 
deposition increased as a function of electrophoretic deposition period resulting in 
a decrease in percent transmittance. 
 
 
Figure 4.5 – Transmittance of PVDF membrane, that had been electrophoretically 































4.3.1.2  SEM of PVDF/graphene 
SEM images of blank PVDF membrane (Figure 4.6a and b) show an open porous 
structure. The structure contains many voids. SEM images also clearly confirm that 
after electrophoretic deposition of graphene for 3 sec, small amounts of graphene 
were deposited on the membrane (Figure 4.6c). A high magnification SEM image 
(Figure 4.6d.) also shows that graphene sheets were laid down on the surface of the 
PVDF membrane matrix while there were many voids evident due to the incomplete 
surface coverage of graphene on the membrane as compared with the blank (Figure 
4.6 a and b). When the electrophoretic deposition period was increased to 5 sec, 
the graphene coverage of the membrane improved (Figure 4.6e) and porous 
structure seem to diminish. However, there were still many voids left (Figure 4.6f). 
Finally, electrophoretic deposition at 10 sec shows good coverage of graphene 
sheets on the membrane (Figure 4.6g and h); as we can see the complete coverage 





Figure 4.6 – SEM images of electrophoretically deposited of graphene on PVDF 
membrane at 4 V (using 2 electrode cell) for: 3 sec (c) 5000x, (d) 10000x; 5 sec (e) 
5000x, (f) 10000x; and 10 sec (g) 5000x, (h) 10000x compared with blank PVDF 




4.3.1.3  Electrochemistry of PVDF/graphene electrodes 
Graphene on PVDF electrodes prepared by electrophoretic deposition at 3, 5 and 10 
sec were subjected to testing in [EMI][TFSI] ionic liquid  to observe the 
electrochemical behaviour of graphene electrodes (Figure 4.7). The CV obtained 
after 3 sec electrophoretic deposition of graphene shows a small current with 
increased current observed after 5 and 10 sec depositions. There are many 
previously published reports on a transparent conductor using reduced graphene 
oxide that reported resistances ranging from more than 1 K/sq to 19 M/sq with 
transparencies of approximately 70% to 95% [24-29]. In our case, we used a 4 point-
probe to measure sheet resistivity. Electrophoretic deposition of graphene 
electrode at 10 sec had a sheet resistivity of 60 K/sq. To achieve higher 
conductivity of graphene electrode, we could increase the period of electrophoretic 
deposition of graphene. However, longer electrophoretic deposition periods of 
graphene in this experiment would not be advantageous for electrochromics as the 







Figure 4.7 - CVs obtained at 3, 5 and 10 sec electrophoretically deposited of 
graphene on PVDF membrane electrodes in [EMI][TFSI] ionic liquid, with a scan rate 
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4.3.2 PEDOT layer fabrication on PVDF membrane and characterization 
4.3.2.1 PEDOT printing 
Printing is a technique suitable for deposition of PEDOT on graphene layers as it is 
applicable to both conducting and non-conducting substrates. PEDOT:PSS was 
printed on membranes for 6, 8 and 10 layers to investigate the morphology and 
coverage of PEDOT on the membranes. PEDOT (6, 8 and 10 layers) printed on blank 
PVDF membrane (Figure 4.8a) shows the colour became darker as a function of the 
number of PEDOT layers. Furthermore, as discussed previously, when electrodes 
were soaked with [EMI][TFSI] ionic liquid they became transparent.  This 
phenomenon is also apparent for printed PEDOT (6, 8 and 10 layers) after soaking 
with [EMI][TFSI] ionic liquid. Electrodes became transparent (as indicated by green 
lines in Figure 4.8b) and can be used in electrochromics. The printed PEDOT on the 
membrane was mechanically stable as it did not peel off before or after soaking 
with [EMI][TFSI] ionic liquid. 
 
  
(a)     (b) 
Figure 4.8 – Printed PEDOT (6, 8 and 10 layers) on blank PVDF membrane before (a) 
and after (b) soaking with [EMI][TFSI] ionic liquid. 
The PEDOT/ PVDF membrane electrodes were soaked in [EMI][TFSI] ionic liquid for 




absorb in to the membrane. The transmittance of the printed PEDOT (6, 8 and 10 
layers) was then measured. It was found that, the transmittance (λ = 565 nm) 
decreased as a function of printed PEDOT layers (Figure 4.9). The transmittance of 
the printed PEDOT layers was found to be 86.1 ± 0.95 %, 81.5 ± 1.56 % and 73.5 ± 




Figure 4.9 – Transmittance of printed PEDOT on PVDF membrane for 6, 8 and 10 
































4.3.2.2 SEM of PVDF/PEDOT 
Printed PEDOT electrodes of 6, 8 and 10 layers were further characterized by SEM 
to investigate the morphology and coverage of printed PEDOT on the membrane. It 
can be seen that, printed PEDOT at 6 layers gave the smallest amount of PEDOT 
deposited on the membrane layer (Figure 4.10c). High magnification SEM image 
(Figure 4.10d) also shows that the coverage of the PEDOT layer coated on the 
membrane was uneven. Furthermore, it can be noticed that printed PEDOT of 8 
layers also gave similar results as printed PEDOT of 6 layers. There was a small 
increase in PEDOT coverage of the membrane but small holes were still apparent 
(Figure 4.10e and f). When the PEDOT coating was increased to 10 layers, it can be 
seen that the PEDOT layers gave a good coverage on the membrane (Figure 4.10g 
and h); although there were a few small holes left after printing. However, most of 
the PVDF membrane’s surface was covered by PEDOT after 10 layers of printing 



















Figure 4.10 – SEM images of printed PEDOT on PVDF membrane for: 6 layers (c) 
5000x, (d) 10000x; 8 layers (e) 5000x, (f) 10000x; and 10 layers (g) 5000x, (h) 10000x 




4.3.2.3 Cyclic voltammetry of PVDF/PEDOT in [EMI][TFSI] and [P1,4][TFSI] ionic 
liquids 
It has been reported that ionic liquid-based membranes can increase optical 
transparency [30-31]. In preliminary work, we found that 2 ionic liquids (ILs), 
[EMI][TFSI] and [P1,4][TFSI] can increase the transparency of PVDF membrane. The 
electrochromic performance of PEDOT in these two ILs was investigated. For these 
experiments, printed PEDOT of 6, 8 and 10 layers were subjected to testing in ILs to 
investigate the electrochemical activity of PEDOT with different ILs prior to use in 
electrochromics. The investigations were performed by subjecting printed PEDOT 
electrodes (6, 8 and 10 layers) to cyclic voltammetry in ILs at different scan rates of 
25, 50, 75 and 100 mV s-1. In these experiments, printed PEDOT (6, 8 and 10 layers) 
were used as working electrodes, silver wire was used as a pseudo silver reference 
electrode and a platinum mesh was used as a counter electrode. [EMI][TFSI] and 
[P1,4][TFSI] ionic liquid were employed as electrolytes. 
 
The CVs of PVDF/PEDOT in [EMI][TFSI] ionic liquid are shown in Figure 4.11a to c. 
From Figure 4.11a to c, we observe an increase of the peak currents as a function of 
increasing scan rate from 25 to 100 mV sec-1. The linear dependence of anodic peak 
current on scan rate indicates a very fast electron transfer and a surface confined 
process (PEDOT coating); i.e. the system was not diffusion controlled [32, 33]. All 
the electrodes show a linear dependence of peak current on scan rate with 
correlation coefficients of 0.9979 or better that indicate a level of significance 
between 99% and 99.9% (Figure 4.11a to c insets). 
 
Comparison of the printed PEDOT of 6, 8 and 10 layers, we observe that peak 
current also increased as a function of printed PEDOT layers as we can see the 
highest amount of printed PEDOT (10 layers) gave the largest peak current. It can 
also be seen that PEDOT showed the oxidation peak at 0.42, 0.27 and 0.22 V and 
reduction peak at -0.13, -0.11 and -0.11 V with peak separations of 0.55, 0.38 and 




In summary, an increasing number of PEDOT layers resulted in higher peak currents 
and narrower peak separations for the [EMI][TFSI] ionic liquid system.  
 
The increase in peak currents with increasing layers of PEDOT would be due to an 
increase in the amount of electroactive material (PEDOT) joining the redox 
reactions. The narrowing of the peak separation attributed to an increase in 
conductivity when more layers of PEDOT are printed on the PVDF membrane.  
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Figure  4.11 - CVs obtained at printed PEDOT on PVDF electrodes: 6 layers (a), 8 
layers (b), and 10 layers (c)  (vs pseudo Ag electrode) in [EMI][TFSI] ionic liquid, with 














































Figure  4.12 - CVs obtained at printed PEDOT on PVDF electrodes: 6, 8 and 10 layers 
(vs pseudo Ag electrode) in [EMI][TFSI] ionic liquid, with a scan rate of 100 mV s-1. 
 
A comparison of the PVDF/PEDOT electrochemistry was made in the [P1,4][TFSI] 
ionic liquid under the same conditions as for the CVs recorded in [EMI][TFSI] ionic 
liquid. It can be observed that printed PEDOT electrodes show the oxidation peak at 
0.35, 0.45 and 0.29 V and reduction peak at -0.22, -0.13 and -0.20 V with peak 
separations of 0.57, 0.58 and 0.49 V for 6, 8 and 10 layers respectively (Figure 4.13). 
Peak separations decreased slightly after the number of PEDOT layers was 
increased and they were wider than in [EMI][TFSI] ionic liquid. This can be an 
indication that [P1,4][TFSI] ionic liquid did not improve the electron transfer of 
PEDOT with respect to [EMI][TFSI] ionic liquid; which enabled a faster electron 
transfer. The reason that [P1,4][TFSI] ionic liquid did not improve the electron 
transfer might be due to difficulties in ion insertion and expulsion of the bulky 




























cation (Figure 4.14). The large bulky group also contributed to the viscosity. 
[EMI][TFSI] ionic liquid has a viscosity of 31 cP while [P1,4][TFSI] ionic liquid has a 
viscosity of 85 cP [22]. High viscosities would hinder ion movement that is necessary 
for maintaining charge neutrality of the PEDOT matrix during the redox processes. 
 
 
Figure 4.13 - CVs obtained at printed PEDOT on PVDF electrodes: 6, 8 and 10 layers 
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Figure 4.15 shows the comparison of CVs of PEDOT electrodes in [EMI][TFSI] and 
[P1,4][TFSI] ionic liquid at a scan rate of 100 mV s-1 with the same number of PEDOT 
layer (10 layers). The CVs confirm that the printed PEDOT in [EMI][TFSI] ionic liquid 
shows improved electrochemical performance both in terms of achieving higher 
peak currents and narrower peak separation. So we chose [EMI][TFSI] ionic liquid as 
an electrolyte for this system for all further experiments. 
 
 
Figure  4.15 - Comparison of CVs obtained at printed PEDOT on PVDF electrodes of 
10 layers (vs pseudo Ag electrode) in [EMI][TFSI] and [P1,4][TFSI] ionic liquid, with a 
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4.3.2.4 Optimization of printed PEDOT layers on PVDF membrane for 
electrochromics 
To optimize printed PEDOT layers on the layer of graphene on the membrane, 
PEDOT of 6, 8 and 10 layers were printed on blank PVDF membrane. PEDOT 
electrodes were immersed in [EMI][TFSI] ionic liquid for 10 min to allow the ionic 
liquid to absorb into the membrane before testing. The potential was switched 
between -0.9 and 0.7 V vs. pseudo silver electrode in [EMI][TFSI] ionic liquid. The 
optical response of PEDOT electrodes was measured by UV-vis spectroscopy as 
shown in Figure 4.16. The optical contrast (∆T%) is defined as the difference in light 
transmission between absorptive and transmissive states at a specified wavelength 
[34]. Figure 4.16 shows that optical contrast (∆T%) increased from 19.9 ± 0.1 % to 
23.8 ± 0.4 % and 26.6 ± 0.5 % for 6, 8 and 10 layers of printed PEDOT on the 
membrane respectively; i.e. increasing ∆T% with increasing number of layers. 
Furthermore, it can be observed that an increase in the number of PEDOT layers 
causes the transmittance to decrease as well (Figure 4.16). The electrochromic 














Figure 4.16 – Transmittance curves at 565 nm of printed PEDOT 6, 8 and 10 layers 
on PVDF membrane. The electrolyte was [EMI][TFSI] ionic liquid, and the potential 
was switched between -0.9 and 0.7 V vs. pseudo silver electrode. 
 
 









PEDOT 6 layers 19.9 ± 0.1 6.8 ± 0.2  24.3 ± 2.7 
PEDOT 8 layers 23.8 ± 0.4 6.7 ± 0.7 34.8 ± 1.3 






























(a) 6 layers 
 
 
(b) 8 layers 
 
 




Switching time (τ) is the time required when the electrode achieves 95% 
transmittance change in colouring (τc) and bleaching states (τb) [13]. This is 
important in electrochromic applications; especially in dynamic displays and 
switchable mirrors [34]. Printed PEDOT of 6, 8 and 10 layers achieved switching 
times of 6.8 ± 0.2, 6.7 ± 0.7 and 8.6 ± 0.3 sec at the bleaching state and 24.3 ± 2.7, 
34.8 ± 1.3 and 46.0 ± 3.5 sec at the colouring state respectively (Table 4.1). It can be 
seen that the switching times at the bleaching state for PEDOT of all layers are quite 
similar; as this state (oxidized state) of PEDOT is conductive and so only requires a 
short time to change from the reduced state to oxidized state. However, there was 
a small change in switching time at the oxidized state for 10 layers (increased to 8.6 
sec). This can be explained by the increase in PEDOT layers that resulted in a higher 
optical contrast which contributed to the switching time that was required to be 
longer for colour changing as well.   
 
As mentioned previously for the reduced state, the switching times of PEDOT for 6, 
8 and 10 layers were 24.3 ± 2.7, 34.8 ±1.3 and 46.0 ± 3.5 sec respectively. It can be 
observed that the switching times for the reduced state were much higher than the 
oxidized state for all conditions. This is because at the reduced state, PEDOT is 
resistive and so the time required for PEDOT to fully change from the oxidized state 
to reduced state is longer. As we stated previously that higher optical contrast 
needed a longer switching time for PEDOT to change colour in this system, it can be 
clearly observed that the switching time increased as a function of printed PEDOT 
layers. 
 
In conclusion, it can be seen that 10 layers of printed PEDOT gave the maximum 
optical contrast, so in further experiments we chose PEDOT of 10 layers to be 
printed on the layer of graphene on the membrane. Investigations of printed PEDOT 
layers was limited to 10 layers because a higher number of PEDOT layers decreased 
transparency; which is disadvantageous to electrochromic applications. Optical 




was electrophoretically deposited on PVDF membrane for 3, 5 and 10 sec. The 
results are described in the next section. 
4.3.3 Combination of optimized PEDOT with electrophoretic deposition of 
graphene to fabricate PVDF/graphene/PEDOT electrodes and their 
characterization 
To investigate and optimize the electrochromic performance of 
PVDF/graphene/PEDOT electrodes, PEDOT was printed onto the electrophoretically 
deposited graphene layer on the PVDF membrane. In section 4.3.2.4, It was found 
that printing 10 layers of PEDOT on PVDF membrane achieved the best 
electrochromic performance. Therefore, optimized printed PEDOT 10 layers was 
printed onto the graphene layer here (Figure 4.17a) to investigate the best 
electrochromic performance of printed PEDOT 10 layers on different graphene 
layers. Fabricated graphene:PEDOT electrodes were soaked with [EMI][TFSI] ionic 
liquid for 10 min at room temperature to obtain transparent graphene:PEDOT 





Figure 4.17 – Printed PEDOT of 6, 8 and 10 layers on electrophoretically deposited 
(10 sec) graphene on PVDF membrane before (a) and after (b) soaking with 




The transmittance of PVDF/graphene/PEDOT electrodes were recorded at 565 nm 
(Figure 4.18) and were found to be 66.3 ± 2.2 %, 63.0 ± 0.3 % and 52.9 ± 1.8 % 
percent for printed PEDOT (10 layers) on graphene (graphene electrophoretically 
deposited for 3, 5 and 10 sec respectively). It can be seen that the transmittance 
decreased linearly with increase in electrophoretic deposition period for graphene. 
These results are lower than the transmittance for 10 layers of PEDOT on PVDF 
membrane alone (73.5 ± 2.4 %); due to the layer of graphene beneath the PEDOT. 
 
 
Figure 4.18 – Transmittance of PVDF/graphene/PEDOT electrodes for 10 layers 
PEDOT on electrophoretically deposited graphene (3, 5 and 10 sec) after soaking 






























4.3.3.1  SEM of PVDF/graphene/PEDOT electrodes 
PVDF/graphene/PEDOT electrodes were further characterized by SEM. It can be 
seen that the printed PEDOT layers completely covered the graphene layers that 
were electrophoretically deposited for 3, 5 and 10 sec (Figure 4.19 a to f) as we can 
see there are no uncovered areas and/or sheets of graphene (Figure 4.6 d, f and h 
and Figure 4.19 b, d and f). 
 
 
Figure 4.19 – SEM images of 10 layers of PEDOT printed on electrophoretically 
deposited graphene on PVDF membrane for different electrophoretic deposition 
periods: 3 sec (a) 5000x, (b) 10000x; 5 sec (c) 5000x, (d) 10000x and 10 sec (e) 
5000x, (f) 10000x comparing with 10 layers printed PEDOT on blank PVDF 




4.3.3.2 Cyclic voltammetry of PVDF/graphene/PEDOT electrodes in [EMI][TFSI] 
ionic liquid 
In order to study the electrochemistry of the PVDF/graphene/PEDOT electrode, 
cyclic voltammetry was conducted for various electrode configurations. Figure 4.20 
shows the CVs recorded for the PEDOT printed onto PVDF, as well as PEDOT printed 
onto PVDF coated with graphene using electrophoretic deposition of 3, 5 or 10 sec. 
We observe an increase of the PEDOT peak currents for electrodes coated with a 
graphene layer compared to the electrode without graphene. It can also be seen 
that electrodes with electrophoretic deposition of graphene for 3 and 5 sec were 
not significantly different in their PEDOT redox peak current whilst for 
electrophoretic deposition of graphene of 10 sec, there is significant increase in the 
PEDOT peak current. This suggests that the graphene layers presented a conductive 





















Figure 4.20 - CVs obtained at printed PEDOT (10 layers) on both PVDF electrodes 
and on electrophoretically deposited graphene (3, 5 and 10 sec)/PVDF electrodes 
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4.3.3.3 Spectroelectrochemistry of PVDF/graphene/PEDOT electrodes 
UV-vis spectra were recorded as the electrodes were subjected to applied constant 
potentials ranging from -0.9 to 0.7 V (vs a pseudo silver electrode) with 0.1 V 
increments. From Figure 4.21a and b, it can be seen that the spectra of 
PVDF/PEDOT and PVDF/graphene/PEDOT electrodes showed similar trends. The 
spectroelectrochemistry of PEDOT shows the absorption bands of the reduced state 
at 660 nm at the most negative electrode potential (-0.9 V to -0.2 V) which can be 
attributed to the π - π* electronic transition in keeping with the PEDOT film being in 
its reduced state [35]. When the potential was increased to positive values, there 
was a disappearance of the polaron and π - π* transition, and formation of free 
carrier tails at this stage. There is a gradual shift of the maximum wavelength at 660 
nm to a lower wavelength as the PEDOT is oxidized or doped. A new absorption 
peak can be observed at around 850 nm. This absorption band intensity can be 

















      (a) 
 
      (b) 
Figure  4.21 - Spectroelectrochemistry of printed PEDOT (10 layers) on PVDF 
electrode (a) and printed PEDOT (10 layers) on electrophoretic deposition of 
graphene (10 sec)/PVDF electrode (b) as a function of applied voltage from +0.7 V 











































4.3.3.4 Electrochromic effects using PVDF/graphene/PEDOT electrodes 
PVDF/graphene/PEDOT electrodes were investigated and optimized for 
electrochromic performance (Table 4.2.) using the same method as described in 
Section 4.3.2.5. The optical contrasts were 24.9 ± 0.4 %, 24.7 ± 0.4 % and 23.4 ± 0.3 
% for 10 layers of PEDOT on electrophoretic depositions of graphene for 3, 5 and 10 
sec respectively. It can be observed that the optical contrasts of 
PVDF/graphene/PEDOT electrodes for all conditions were not significantly different 
(Figure. 4.22a to c), as we expected, and the optical contrast values are nearly the 
same as for printed PEDOT of 10 layers on blank PVDF membrane (Figure. 4.22d). 
This means that all the electrodes achieved the maximum contrast achievable for 10 
layers of PEDOT. Furthermore, as expected PVDF/graphene/PEDOT electrodes with 
most graphene (10 sec electrophoretic deposition of graphene) gave the lowest 
transmittance compared with other conditions of PVDF/graphene/PEDOT 
electrodes due to the increased amount of graphene deposited. In addition, the 
transmittance curves of PVDF/graphene/PEDOT at 3 and 5 sec electrophoretic 
deposition of graphene are not significantly different from that of printed PEDOT of 
10 layers on blank PVDF membrane. 
 
The switching times of PVDF/graphene/PEDOT electrodes were 6.1 ± 0.3, 6.5 ± 0.2 
and 6.7 ± 0.5 sec for the bleaching state, and 34.5 ± 2.6, 34.5 ± 3.5 and 17.6 ± 1.4 
sec for the colouring state respectively. It can be seen that the bleaching time 
decreased from 8.6 sec (value obtained from printed PEDOT (10 layers) on blank 
PVDF membrane) to approximately 6 sec at all electrophoretic deposition of 
graphene conditions. The switching time of PVDF/graphene/PEDOT electrodes from 
bleaching to colouring state decreased from 46.0 sec (value obtained from printed 
PEDOT (10 layers) on blank PVDF membrane) to 34.5 sec for electrophoretic 
deposition of graphene at 3 and 5 sec and reached the lowest value of 17.6 sec for 
10 sec electrophoretic deposition of graphene. The effects of the graphene layer are 
clearly observed in the colouring state because PEDOT was being electrochemically 
reduced and therefore became more resistive and so required a longer time to fully 




efficient charge transfer. Therefore, having a conductive layer of graphene beneath 
the PEDOT can promote the electron transfer of the electrochemical reduction of 
PEDOT. However, at the bleaching state PEDOT is conductive and its conductivity is 
much higher than the electrophoretically deposited graphene layer. Therefore, the 
graphene layer has a negligible effect on the electrochemical oxidation of PEDOT. 
 
In conclusion, we can see that the graphene layers promoted more efficient PEDOT 
oxidation and reduction; resulting in switching times that were faster than PEDOT 
samples without graphene. However, electrochromic performance of 
graphene:PEDOT/PVDF electrode showed lower contrast and longer switching rate 
compared to previous works however those studies reported electrochromic 
devices that were prepared on highly conducting substrates such as flexible ITO-PET 
[7, 36], ITO coated glass [8, 37], or ITO-PES ((polyethersulfone) [38].  
 
 
























      (b) 
 











































      (d) 
 
Figure 4.22 – Transmittance curves at 565 nm of printed PEDOT (10 layers) on 
electrophoretic depositions of graphene: 3 sec (a), 5 sec (b) and 10 sec (c) on PVDF 
membrane. For comparative purposes, printed PEDOT (10 layers) on blank PVDF 
membrane is shown (d) The electrolyte was [EMI][TFSI] ionic liquid, and the 















































PEDOT 10 layers 26.6 ± 0.5 8.6 ± 0.3 46.0 ± 3.5 
electrophoretic deposition of graphene 
3 sec + PEDOT 10 layers 24.9 ± 0.4 6.1 ± 0.3 34.5 ± 2.6 
electrophoretic deposition of graphene 
5 sec + PEDOT layers 24.7 ± 0.4 6.5 ± 0.2 34.5 ± 3.5 
electrophoretic deposition of graphene 
10 sec + PEDOT 10 layers 23.4 ± 0.3 6.7 ± 0.5 17.6 ± 1.4 
 
4.3.3.5 Pulsed potential experiments on PVDF/graphene/PEDOT electrodes 
Pulsed potential results of printed PEDOT (10 layers) on PVDF electrode and printed 
PEDOT (10 layers) on electrophoretic deposition of graphene (10 sec)/PVDF 
electrode are shown in Figure 4.21. It can be seen that the current density of the 
PVDF/graphene/PEDOT electrode (Figure 4.21b) was higher than the PVDF/PEDOT 
electrode without graphene (Figure 4.21a). This is due to graphene acting as a 
conductive network that increases connectivity to the PEDOT layer thus leading to 
more efficient redox processes of the PEDOT resulting in faster switching speeds.  
This is most evidently illustrated by the oxidation and reduction processes observed 
in Figure 4.23 a and b; where the Figure 4.23b oxidation and reduction cycles for 
the PVDF/graphene/PEDOT electrode show higher currents than that for 
PVDF/PEDOT (Figure 4.23a). In addition, the oxidation peak for 












      (b) 
Figure 4.23 – Chronoamperograms of printed PEDOT (10 layers) on PVDF electrode 
(a) and printed PEDOT (10 layers) on electrophoretic deposition of graphene (10 
sec)/PVDF electrode (b) in [EMI][TFSI] ionic liquid; potential was switched between        

































































We have made flexible, non-conductive PVDF (0.22 µm pore size) membrane 
conductive by optimizing electrophoretic deposition of graphene on it. 
Subsequently, PEDOT:PSS was printed on the substrates and the number of printed 
layers optimized. Ionic liquid [EMI][TFSI] was used as electrolyte and to render 
these electrodes transparent for electrochromics. Maximum achievable contrast for 
PEDOT on graphene:PEDOT/ PVDF electrodes, as benchmarked by PEDOT on blank 
PVDF membrane, was obtained. However, the graphene layers presented a 
conductive network for the printed PEDOT on them, resulting in better connectivity 
and better electrochromic performance of the PEDOT. This improved performance 
was demonstrated by the enhancement of switching speed; 1.28 times faster for 
bleaching and 2.6 times faster for colouring. The best results were for 10 layers of 
PEDOT printed on 10 sec electrophoretic deposition of graphene on PVDF 
membrane. This electrode achieved a contrast of 23.4 % (∆%T) with switching times 
for bleaching of 6.7 sec and colouring of 17.6 sec. These results demonstrate a 
possibility of using this technology to fabricate flexible electrochromic devices from 
flexible non-conductive PVDF membrane. We have achieved our aims of replacing 
PET with porous flexible PVDF membrane, and replacing ITO with 
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Graphene and composite material of graphene with carbon nanotubes play an 
important role in the fields of science and technology [1-3]. There have been 
reports about graphene and carbon nanotubes composites. Tung synthesized hybrid 
materials of graphene and carbon nanotubes but this had to be done using 
hydrazine, a highly toxic chemical and therefore potentially harmful to the 
researchers [4]. Yu also produced graphene and carbon nanotube films but this 
route had to be performed using polymer-modified graphene sheets [5]. 
 
There have been some reports that researchers also used graphene oxide (GO) to 
produce new materials composing of GO or graphene and carbon nanotubes. It has 
been reported that GO was used as a dispersant for carbon nanotubes to obtain a 
homogeneous dispersion. Tian and Qui reported that GO can be used as a 
dispersant for single-walled carbon nanotubes (SWNTs) [6, 7] whilst Zhang used GO 
to assist in the aqueous solution of multi-walled carbon nanotubes (MWNTs) [8]. 
These GO with carbon nanotubes composites can be prepared as a film on a 
substrate and reduced by using electrochemical reduction [7]. However, to prepare 
a high purity graphene:MWNTs composite dispersion, interacted GO sheets with 
MWNTs have to be reduced to graphene. There have been reports on the 
preparation route of graphene that starts from graphene oxide synthesized via the 
Hummers method [9] followed by reduction with several reducing agents such as 
hydrazine [10, 11],  hydroquinone [12],  sodium borohydride (NaBH4) [13], ascorbic 
acid (LAA) [14], or methods involving thermal treatment [11], sulphur-containing 
compounds [15] and bacterial respiration [16]. So a high purity GO:MWNTs 
composite may be reduced by using a mild chemical reducing agent such as LAA to 
maintain the π-stacking interactions of graphene with MWNTs.  
 
Therefore, the aim of the research outlined in this chapter is to present a facile 
synthesis route for producing graphene and carbon nanotube composites without 
any surfactants that can contribute to a decrease in the electrical performance and 




electrophoretic deposition (EPD) was selected for depositing these colloidal 
composite materials in order to produce high surface area electrodes for 
supercapacitors. In addition, electrochemical reduction [7] has been selected as a 
reduction method for GO:MWNTs electrodes fabricated by electrophoretic 
deposition, and also L-ascorbic acid (LAA) has been selected as a chemical reducing 
agent for high purity GO:MWNTs because it encourages a mild reduction as 
reported by Zhang [14]. This mild and slow reduction rate will ensure that the 
interaction between the graphene and the multi-walled carbon nanotubes is 



























The aims of the research described in this chapter can be summarized as follows: 
- To prepare aqueous dispersion of graphene oxide:multi-walled carbon nanotubes 
(GO:MWNTs) to suit electrophoretic deposition for electrode fabrication.  
-  To fabricate graphene oxide (GO) and GO:MWNTs electrodes on glassy carbon 
substrates by electrophoretic deposition followed by electrochemical reduction to 
obtain electrochemically reduced graphene oxide electrodes (ER-GO), 
electrochemically reduced graphene oxide:MWNTs electrodes (ER-GO:MWNTs) and 
electrochemically reduced high purity graphene oxide:MWNTs electrodes (ER-high 
purity GO:MWNTs). 
-  To investigate the electrochemical capacitance of ER-GO and ER-GO:MWNTs 
electrodes fabricated by electrophoretic deposition.  
-  To produce high purity composite dispersion of GO:MWNTs; expecting to get 
better capacitor performance after electrochemical reduction.  
-  To produce high purity composite dispersion of graphene:MWNTs from the 
reduction of high purity GO:MWNTs using a mild reducing agent (L-ascorbic acid, 
LAA) (LAA-GO:MWNTs); expecting to keep the interaction stable between the GO 
sheets and MWNTs after reduction.  
- To investigate the electrochemical capacitance of LAA reduced GO (LAA-GO) and 












5.2.1 Chemicals and Materials 
Natural graphite employed in this work was SP‐1, Bay Carbon supplied by Cabot. 
Hydrochloric acid (Univar) and sulfuric acid (Scharlau) were used as received. The 
following chemicals obtained from Sigma-Aldrich were also used as received: 
ammonia solution, hydrazine (35 wt% in water), N,N dimethylformamide, L-Ascorbic 
acid, sodium nitrate, potassium permanganate. Multi-walled carbon nanotubes 
were obtained from Chengdu Institute of Technology, China. Ultrapure Milli-Q 
water was used for all of the experiments. Glassy carbon plate (SIGRADUR® G) were 
obtained from HTW GmbH, Germany. Glassy carbon plates were cut into 
1 cm × 2.5 cm size and polished with three sizes of aluminia powder 1.0, 0.3 and 
0.05 µm, washed with Milli-Q water and then purged with nitrogen gas prior to use. 
5.2.2 Equipment / Instrumentation 
Zeta potentials of GO:MWNTs composites were measured using dynamic light 
scattering (Nano-ZS Zetasizer, Malvern Instruments) with backscatter detection 
(θ = 173°). In addition, the microstructure (Scanning Electron Microscopy (SEM) and 
Transmitted Electron Detector (TED)) of graphene :MWNTs was  observed by field 
emission scanning electron microscope (FESEM) JEOL7500 at specific voltages of 0.5 
kV and Optical Leica Microscopy model DMED controlled by Leica software version 
(2.4.0 R1). Characterization of the composites were done using UV-VIS 
Spectrophotometer (Shimadzu UV-1800 spectrophotometer with UVProbe (v.2.10) 
software), Raman Spectroscopy (Model Jobin Yvon Horiba HR800 Raman 
spectrometer with LabSpec software), and X-ray Photoelectron Spectroscopy that 
was performed by the Solid State and Elemental Analysis Unit of the University of 







5.2.3.1 Graphene oxide (GO) synthesis 
This section has been described in Chapter 3, Section 3.2.3.1.1. 
5.2.3.2 Purification of MWNTs 
MWNTs were heated in the oven at 200oC for 24 hrs to oxidize the metal impurities. 
MWNTs were then dispersed in concentrated hydrochloric acid and sonicated in a 
sonication bath for 1.5 hrs to remove the impurites.  After acid purification, MWNTs 
were washed with Milli-Q water several times to eliminate the residual HCl until the 
pH became 7, and then dried in a vacuum oven at 110oC for 2 hrs. 
5.2.3.3 Synthesis of GO:MWNTs composite  
MWNTs (0.01 g) were dispersed in 20 ml of graphene oxide (0.05 wt %) dispersion 
solution by ultrasonication of the mixture using a Branson Digital Sonifier (S450D, 
500 W, 30% amplitude) for 2 hrs. The dispersion was placed in an ice bath during 
the 2 hrs of sonication to prevent agglomeration of GO:MWNTs. The light brown 
dispersion (graphene oxide) turned into a dark dispersion after sonication. 
GO:MWNTs dispersion was diluted by Milli-Q water (20 ml) and sonicated in a 
sonication bath for 5 mins to prepare for electrophoretic deposition. 
5.2.3.4 Purification of GO:MWNTs composite  
GO:MWNTs composite dispersion in Section 5.2.3.3 was purified according to the 
method reported by Zhang [8]. This composite dispersion was ultracentrifuged for 
30 mins at 8000 rpm to precipitate the unstabilized MWNTs. The supernatant was 
then ultracentrifuged at 14,000 rpm for 20 mins to separate the GO:MWNTs. The 
precipitate was washed again by redispersing in water and then ultracentrifuged at 
14000 rpm for 20 mins.  
5.2.3.5 Electrophoretic deposition of GO and GO:MWNTs composites 
The electrophoretic deposition of GO and GO:MWNTs was carried out under 
ambient conditions in a two-electrode cell using a potentiostat (eDAQ) EA 160 




deposited onto glassy carbon plates over a 1 cm2 geometric area at 4 V for 10, 20 
and 30 sec to optimize for a good GO or GO:MWNTs coverage. 
5.2.3.6 Eletrochemical reduction of GO and GO:MWNTs composite 
GO or GO:MWNTs electrodes electrophoretically deposited on glassy carbon plates 
at 30 sec were chosen for electrochemical reduction because of their good 
coverage. The reduction was performed by cyclic voltammetry (CV) in a three-
electrode cell with a GO or GO:MWNTs working electrode, Pt mesh counter 
electrode and an Ag/AgCl reference electrode at a scan rate of 50 mV s-1. The 
electrolyte was Phosphate Buffered Saline (PBS) 0.1 M of pH 7.4 [7]. The Cyclic 
voltammograms were scanned over a potential window from 0 to -1.3 V for 5 cycles 
to observe the electrochemical reduction behaviour of GO and GO:MWNTs. All CVs 
were performed using a potentiostat (eDAQ) EA 160 electrochemical system (eDAQ 
Pty Ltd). 
5.2.3.7 Chemical reduction of high purity GO:MWNTs composites 
To obtain a high purity graphene:MWNTs composite and maintain stable interaction 
between the GO sheets and MWNTs, simple chemical reduction of graphene oxide 
with L-ascorbic acid was carried out; as reported previously by Zhang [14]. L-
ascorbic acid 10, 20 and 30 mg were added to GO:MWNTs composite dispersion 0.1 
mg mL-1 (10.0 ml) respectively and stirred for 48 hours. The sedimented composites 
were washed with water until the pH became neutral and then redispersed in water 
or dimethyl formamide (DMF) and sonicated in a sonication bath for 1 hr to obtain 
homogeneous dispersion of high purity graphene:MWNTs (LAA-GO:MWNTs). For 
comparison, GO was processed with the same methodology as discussed above to 
obtain LAA-GO. 
5.2.3.8 Electrochemical behaviour of GO and GO:MWNTs composite 
To study the electrochemical capacitance of ER-GO, ER-GO:MWNTs, ER- high purity 
GO:MWNTs, LAA-GO and LAA-GO:MWNTs electrodes in sulfuric acid, cyclic 
voltammetry (CV) of these electrodes was carried out in a three-electrode cell with 




and an Ag/AgCl reference electrode at a scan rate of 10, 20, 30, 40, 50 and 100 mV 
s-1. CV characterization of graphene and graphene:MWNTs electrodes in N2 
saturated sulfuric acid (1.0 M) was performed over a potential range of 0 to 0.6 V. 
All CVs were performed using a potentiostat (eDAQ) EA 160 electrochemical system 
(eDAQ Pty Ltd). 
 
Galvanostatic charge/discharge test of ER-GO, ER-GO:MWNTs, ER-high purity 
GO:MWNTs, LAA-GO and LAA-GO:MWNTs electrodes was carried out in a two-
electrode cell with ER-GO, ER-GO:MWNTs, ER-high purity GO:MWNTs, LAA-GO and 
LAA-GO:MWNTs electrodes used as both working and counter electrodes in each 
experiment at current densities of 0.1, 0.2, 0.4 and 1 A g-1 with voltages between 0 
and 0.6 V in N2 saturated sulfuric acid (1.0 M). All galvanostatic charge/discharge 
curves were performed using a potentiostat (eDAQ) EA 160 electrochemical system 


















5.3 Results and discussions 
5.3.1 Synthesis and Characterizations 
We prepared the composite dispersion of GO and MWNTs by sonication of GO with 
MWNTs. GO:MWNTs dispersion contained uninteracted GO sheets and MWNTs. 
This suggests that not all GO sheets interacted with the MWNTs. So the composite 
dispersion was purified to obtain high purity GO:MWNTs, expecting to achieve 
better electrochemical capacitor properties. To obtain high purity 
graphene:MWNTs, high purity GO:MWNTs was reduced using a mild chemical 
reductant, L-ascorbic acid (LAA), expecting to maintain the π-stacking interactions 
of GO and MWNTs after reduction. 
5.3.1.1 GO:MWNTs composite  
To prepare a composite of GO and MWNTs, aqueous GO dispersion 0.05 wt % (20 
ml) was ultrasonicated with MWNTs 0.01 g (ratio 1:1). After sonication, the brown 
dispersion of GO turned black indicating a homogeneous dispersion of GO:MWNTs 
was formed (Figure 5.1). However, increasing the ratio of MWNTs to GO to 2:1 
resulted in the agglomeration of the dispersion, due to the high concentration of 
MWNTs. This is most likely due to GO acting as a stabilizer for MWNTs and 
increasing the MWNTs ratio resulted in insufficient GO stabilizer. Furthermore, 
MWNTs do not disperse in water, so the agglomeration occured when the ratio of 







Figure 5.1 – Aqueous dispersion of GO (left), GO:MWNTs (middle) and MWNTs 
(right). 
 
5.3.1.1.1 UV-vis characterization 
The UV-vis spectrum of a GO dispersion (Figure 5.2) shows a peak centred at a 
maximum wavelength of 227 nm, indicating π -> π transitions of aromatic C-C bonds 
while a shoulder peak at 300 nm can be assigned to n -> π transitions of C=O bonds 
(Figure 5.2) and corresponds to previous published results [8, 10, 14]. In 
comparison, GO:MWNTs aqueous dispersion (Figure 5.2), showed 3 nm in 
bathochromic shift (red shift). The bathochromic shift is used to indicate the 
interaction between the aromatic carbon of graphene oxide sheets and the side-
walls of MWNTs through π-stacking interactions [8]. However, we could not see a 
large bathochromic shift in this GO:MWNTs composite because the composite 
contained residues or unreacted GO sheets, but we could observe a large 
bathochromic shift in high purity GO:MWNTs that was purified using an 
ultracentrifuge (high purity GO:MWNTs will be discussed in the next section). The 
shoulder peak at 300 nm of GO:MWNTs indicates the existence of n -> π transitions 
of carbonyl (-C=O) groups after GO:MWNTs composites were formed. In UV-vis 
spectrophotometry, the solution’s concentration is a function of the absorbance 




dispersion to observe their dispersion and measure their UV-vis spectra. It can be 
seen that MWNTs was not dispersed in water (Figure 5.1) and the UV-vis spectrum 
of WNT’s supernatant (Figure 5.2) shows no peak because of re-agglomeration of 




































5.3.1.1.2 Raman spectroscopy characterization  
To observe the synergistic effect between GO and MWNTs, GO and GO:MWNTs 
dispersions were further characterized using Raman spectroscopy. It can be 
observed that the D band peak of GO and GO:MWNTs is higher than the G band 
peak due to defects [17] from the acid oxidation of graphite oxide in the Hummers 
method (Figure 5.3). Also the broadened D and G bands of GO indicate a higher 
disordered structure as reported by Kudin [18]. MWNTs show a narrower D band, 
which may be due to the higher ordered structure of nanotubes compared with the 
fragmented graphene oxide. In addition, the D and G band peak shapes of 
GO:MWNTs were dominated by both MWNTs and GO as we can notice that 
GO:MWNTs not only shows narrower D band peak (compared to GO) which was 
dominated by MWNTs but also shows similar G  band peak shape to MWNTs (Figure 
5.4). The 2D band of GO:MWNTs was also dominated by MWNTs, as there is no 










Figure 5.3 – Raman spectra of GO, MWNTs, and GO:MWNTs. 
 
 
Figure 5.4 – Expansion of the Raman spectra of GO, MWNTs, and GO:MWNTs. 
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5.3.1.1.3 X-ray Photoelectron Spectroscopy (XPS) Characterization 
Figure 5.5 a and b show XPS spectra of C 1s of GO and GO:MWNTs. There are five 
different peaks at 284.5, 285.1, 286.7, 288.2 and 289.1 eV related to C=C (aromatic 
hydrocarbon), C-C/C-H (aromatic hydrocarbon), C-O (epoxy and alkoxy), C=O 
(carbonyl group) and O=C-O (carboxylic acid group) bonds. Compared to the C=C 
and C-C/C-H peaks, it can be seen that the C 1S spectrum of C-O (C1s C) showed a 
large increase after sonication. The ratio of C1s A to C1s C is 1.70 and 0.92 for GO 
and GO:MWNTs respectively. This suggests that the C-O bond was still present after 
the π-stacking interactions of graphene sheets and MWNTs were formed. However,   
the large increase may come from the C-O bonds formed during acid treatment of 
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Figure 5.5 - XPS spectra of C 1s of GO (a) and GO:MWNTs (b). Peak C 1s A to E refer 
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5.3.1.1.4 Zeta potential characterization 
Zeta potential is a most important factor in this work as electrophoretic deposition 
requires this parameter to determine the direction of charged particle movement to 
deposit on the substrate.  Higher values of zeta potential result in higher particle 
charge resulting in easier particle migration under an electric field and also greater 
stability. The zeta potentials of GO and GO:MWNTs are shown to be –26.7 ± 1.7 and 
-24.4 ± 0.9 mV respectively (Figure 5.6a and b). However, the zeta potentials of GO 
and GO:MWNTs were not much different as the mixture contained both 
uninteracted GO sheets and GO:MWNTs complex where the GO sheets 
predominated in the zeta potential measurements. 
 
 
      (a) 
 
      (b) 
Figure 5.6 - Zeta potential distribution curve of GO particles (a) and GO:MWNTs (b)  




5.3.1.1.5 Morphological characterization 
To investigate the morphology of the coexisting species (GO and MWNTs), 
GO:MWNTs colloidal dispersion was drop cast on a copper grid and dried overnight. 
Samples were subjected to morphological investigation using a Transmitted 
Electron Detector (TED). TED images of GO:MWNTs show the combination of two 
species GO and GO:MWNTs together. We can see that GO sheets were interacted 
with MWNTs to form a composite of GO:MWNTs (Figure 5.7a) However, there are 
some amounts of GO sheets that have no interaction with MWNTs left over, as we 
can see in Figure 5.7 b. This suggests that not all GO sheets can interact with 
MWNTs. So this is a mixture of both GO and GO:MWNTs species. These TED images 
strongly confirm that the mixture was not a high purity of GO:MWNTs composite 
but contained both GO and GO:MWNTs in keeping with the previous UV-vis results 
that showed 3 nm of bathochromic shift (Figure 5.2). The Raman spectra of 
GO:MWNTs also show that GO:MWNTs was predominated by MWNTs but was not 
as good as in a high purity GO:MWNTs (characterization of high purity GO:MWNTs 





















Figure 5.7 - TED images at 15000x (a) and 40000x (b) of GO:MWNTs. 
 
   1 μm 






5.3.1.2  High purity GO:MWNTs composite 
In the previous section, the mixture of GO:MWNTs prepared contained both 
unreacted GO sheets and GO:MWNTs composite. To obtain a high purity of 
GO:MWNTs composite, we have to remove the unreacted GO sheets using an 
ultracentrifuge as described in Section 5.2.3.4. The aim of this experiment is to 
obtain a higher electrochemical capacitor performance material. As we know that 
graphene does not provide a good electrochemical capacitance, so a high purity of 
GO:MWNTs will be explored for superior electrochemical capacitor performance. 
5.3.1.2.1 UV-is characterization 
High purity GO:MWNTs were subjected to characterization using UV-visible 
Spectrophotometry. The UV-vis spectrum of a GO dispersion (Figure 5.8) shows a 
peak centred at a maximum wavelength of 227 nm, indicating π -> π transitions of 
aromatic C-C bonds while a tiny shoulder peak at 300 nm can be assigned to n -> π 
transitions of C=O bonds as discussed earlier in Section 5.3.1.1. Our high purity 
GO:MWNTs show a large bathochromic shift, from 227 to 236 nm (as indicated by 
the arrow in Figure 5.8) compared with GO:MWNTs mixture without purification 
that showed a bathochromic shift of 3 nm. The large shift indicates that the 
predominant species was high purity GO:MWNTs, which have interactions between 
the aromatic carbon of the GO sheets and the aromatic side-walls of the MWNTs 
through π-stacking. The small shoulder peak at 300 nm of high purity GO:MWNTs 
remain the same as in GO. This confirms the existence of n -> π transitions of 








































5.3.1.2.2 Raman spectroscopy characterization 
The Raman spectrum (Figure 5.9) of high purity GO:MWNTs shows a higher D band 
peak than G band peak as the defects come from acid oxidation which was 
discussed previously [17]. These defects can not be avoided if acid was involved in 
the GO synthesis process. As we know that the D and G bands of the previous 
GO:MWNTs composite were dominated by MWNTs and we observed a narrower D 
band peak and similar G band peak of GO:MWNTs to MWNTs and also the 
appearance of a 2D band. However, in these high purity GO:MWNTs we can observe 
a narrower D band peak (compared with previous GO:MWNTs – Figure 5.9) as it was 
predominated by MWNTs. This phenomenon is also observed in D band and 2D 
band peaks as they were also predominated by MWNTs. It can be observed that the 
G band shows a clearer peak splitting (Figure 5.10) due to the coexistence of the 
two species of GO and MWNTs together, and the  2D band also shows a clearer 










Figure 5.9 – Raman spectra of the GO, MWNTs, GO:MWNTs and high purity 
GO:MWNTs. 
 
Figure 5.10 – Expansion of Raman spectra of the GO, MWNTs, GO:MWNTs and high 
purity GO:MWNTs. 
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5.3.1.2.3 X-ray Photoelectron Spectroscopy (XPS) Characterization 
Figure 5.11 shows XPS spectra of high purity GO:MWNTs where spectra of C 1s for 
five different peaks at 284.5, 285.1, 286.7, 288.2 and 289.1 eV related to C=C 
(aromatic hydrocarbon), C-C/C-H (aromatic hydrocarbon), C-O (epoxy and alkoxy), 
C=O (carbonyl group) and O=C-O (carboxylic acid group) bonds are displayed. It can 
be seen that the C 1S spectrum of C-O (C1s C) of high purity GO:MWNTs decreases 
after purification when compared with unpurified GO:MWNTs. The ratio of C1s A to 
C1s C is 1.22 and 0.92 for high purity GO:MWNTs and unpurified GO:MWNTs 
respectively. This might suggest that the elimination of uninteracted GO sheets 
after purification resulted in decreasing C-O bonds. So the C1S C spectrum is 




Figure 5.11 - XPS spectra of C 1s of a high purity of GO:MWNTs. Peak C 1s A to E 
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5.3.1.2.4 Zeta potential characterization 
As we discussed previously, the zeta potential is important for electrophoretic 
deposition as it determines the direction of charge movement and stability of the 
dispersion. Higher values of zeta potential resulted in higher stability of the colloidal 
dispersion. High purity GO:MWNTs show a zeta potential of -31.1 ± 0.9 mV (Figure 
5.12) which is higher than those of GO and unpurified GO:MWNTs (–26.7 ± 1.7 and -
24.4 ± 0.9 mV respectively.) This suggests that the high purity GO:MWNTs 
dispersion has a higher stability as a colloidal dispersion. The role of GO sheets is to 




Figure 5.12 - Zeta potential distribution curve of high purity GO:MWNTs in a 











5.3.1.2.5 Morpological characterization 
The morphology of high purity GO:MWNTs has been investigated using a 
Transmitted Electron Detector (TED). It can be seen that after purification we can 
observe the coexistence of these GO and MWNTs in high purity GO:MWNTs, 
without separation or loss of interaction of graphene and MWNTs (Figure 5.13a and 
b) compared to the unpurified GO:MWNTs (Figure 5.7b). The circles show an 
example of individual GO sheets interacted with MWNTs without evidence of 
individual GO sheets or MWNTs. This suggests that the purification by 





















Figure 5.13 - TED images at 15000x (a) and 40000x (b) of high purity GO:MWNTs. 
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5.3.1.3  LAA reduced high purity GO:MWNTs composite 
In a previous section, we discussed the successful preparation of a colloidal 
dispersion of high purity GO:MWNTs. However, the composite dispersion was 
restricted in terms of electrode fabrication as we have to follow up with a reduction 
step, because GO is not conductive. Once GO:MWNTs electrodes were fabricated by 
electrophoretic deposition. the most convenient way to reduce GO to graphene is 
electrochemical reduction. So, we tried to reduce high purity GO:MWNTs to 
graphene:MWNTs. Alternatively, the GO:MWNTs could be reduced chemically to 
graphene:MWNTs before their electrophoretic deposition. Preliminary trials with 
strong reducing agents such as hydrazine or sodium borohydride caused the 
colloidal dispersions to agglomerate; which could be due to the destruction of the 
π-stacking interaction between the aromatic carbon of graphene oxide sheets and 
the aromatic side-walls of MWNTs [8]. However, Zhang et al [14] reported on a mild 
reducing agent,  L-ascorbic acid (LAA), for the reduction of GO to graphene, and so 
we applied this to the mild reduction of GO:MWNTs to graphene:MWNTs 
successfully; maintaining the colloidal nature of the composite. Therefore a 
comparative study was conducted between electrochemically reduced GO:MWNTs 
and LAA reduced GO:MWNTs. 
5.3.1.3.1 UV-vis characterization 
For comparison, GO aqueous dispersion and high purity GO:MWNTs aqueous 
dispersion were reduced using LAA. The effects of the reduction of GO aqueous 
dispersion using different amounts of LAA (LAA-GO) for 48 hrs was monitored by 
UV-vis spectrophotometry (Figure 5.14). The peak centred at the maximum 
wavelength of 227 nm for GO shifted to 259, 262 and 264 nm (as indicated by the 
arrow) when treated with 10, 20 and 30 mg of LAA respectively in 10.0 ml of GO 
(0.1 mg mL-1). The absorption intensity of the spectra is observed to increase as 
more LAA was used. This indicated a greater degree of reduction of GO to 
graphene. (UV-vis spectra of GO, LAA-GO, GO:MWNTs and LAA-GO:MWNTs were 
placed along the y-axis for clarity).  Therefore, this shows that LAA can be used as a 




residual epoxide and hydroxyl groups because the UV-vis spectra should show a 
redshift towards 270 nm for completely chemically converted graphene, as 
reported by Li [10].  
 
Further experiments were performed on the high purity GO:MWNTs aqueous 
dispersion to obtain graphene:MWNTs composites using the same conditions as for 
the GO aqueous dispersion reduced by LAA. It can be seen in the UV-vis spectra 
(Figure 5.15) that the LAA reduced high purity GO:MWNTs (LAA-GO:MWNTs) also 
shows a bathochromic shift from 236 nm to 265, 265 and 266 nm (as indicated by 
the arrow) at 10, 20 and 30 mg of LAA, respectively. However, there is a small 
shoulder at 236 nm which may be due to unreduced GO in high purity GO:MWNTs 
left in the dispersion, as shown in XPS results in a later section. 
 
 
Figure 5.14 - UV visible spectra of GO after reduction by LAA for 48 hrs. The varied 
amounst of LAA were 10, 20 and 30 mg. 


















Figure 5.15 - UV visible spectra of high purity GO:MWNTs after reduction by LAA for 
48 hrs. The varied amounts of LAA were 10, 20 and 30 mg. 
 
5.3.1.3.2 Raman spectroscopy characterization 
The Raman spectra (Figure 5.16) of GO and high purity GO:MWNTs before and after 
treatment with LAA  show a higher D band peak than G band peak due to defects 
[17] from the acid oxidation of graphite oxide in the Hummers method. Also the 
broadened D and G bands of GO indicate a higher disordered structure [18]. 
MWNTs show a narrower D band, which may be due to the higher ordered 
structure of nanotubes compared with the fragmented graphene oxide. The 2D 
band of high purity GO:MWNTs and LAA-GO:MWNTs composites was dominated by 
MWNTs, as there is no absorption for GO at the high Raman shifts [6].  In addition, 
the D and G band peak shapes of high purity GO:MWNTs and LAA-GO:MWNTs were 
dominated by  MWNTs, as evidenced by the narrower D band peak compared to GO 
and graphene, and similar G band peak shape to MWNTs [6]. However, the G band 
peaks of high purity GO:MWNTs and LAA-GO:MWNTs at all conditions seem to 
















show splitting into two peaks due to the presence of two species; ie GO and 




Figure 5.16 - Raman spectra of GO, MWNTs, high purity GO:MWNTs, LAA-GO and 
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Furthermore, we know that the ratio of the D to G band’s intensities in Raman 
spectra represent defects and disorder in the carbon structure [13, 17].  It can be 
seen that the ratio of D to G band increases after reduction; we can see the 
lowering of the normalized G band peak. This represents an increase in the defects 
(Figure 5.16) which corresponds to work published by Shin [13]. This result is 
controversial, because we assume that double bond formation after reduction 
should decrease the defects.  Also, the shift in D and G band peaks towards lower 
wave numbers is one evidence to support the reduction of graphene [19] . As 
shown in Figure 5.17, both D and G bands were shifted to lower wave numbers. The 
D band shifted from 1339 to 1324 cm-1 and 1339 to 1320 cm-1 while the G band 
shifted from 1597 to 1586 cm-1, and 1597 to 1576 and 1594 cm-1 compared to GO 
for LAA-GO and LAA-GO:MWNTs after treatment with 30 mg LAA respectively. 
However, shifting to lower wave numbers in high purity GO:MWNTs might be due 
to the interaction between aromatic carbons in GO sheets and the side-walls of 
MWNTs through π-stacking interactions, as discussed in the UV-vis results. 
 
Figure 5.17 - Expansion of the Raman spectra of GO, high purity GO:MWNTs, before 
and after being treated with 30 mg LAA for 48 hours. 




5.3.1.3.3 X-ray Photoelectron Spectroscopy (XPS) characterization 
Figure 5.18a to d show XPS spectra of C 1s of GO and high purity GO:MWNTs before 
and after reduction with LAA for 48 hours, respectively. There are five different 
peaks at 284.5, 285.1, 286.7, 288.2 and 289.1 eV related to C=C (aromatic 
hydrocarbon), C-C/C-H (aromatic hydrocarbon), C-O (epoxy and alkoxy), C=O 
(carbonyl group) and O=C-O (carboxylic acid group) bonds. Compared with the C=C 
and C-C/C-H peaks, it can be seen that all C 1S spectra of bonding to oxygen 
decreased after reduction for 48 hours. Furthermore, the C 1S spectrum of C-O 
showed the largest decrease after reduction. This suggests that LAA can be used as 
a mild reducing agent for both GO and a high purity GO:MWNTs without breaking 
the interaction between GO and MWNTs. Furthermore, high purity GO:MWNTs 
seem to be better reduced by LAA than GO under the same conditions, as we can 
see the sharply decreased C 1S spectra of C-O bond (C 1S C in Figure 5.18 b and d). It 
can be seen that the relative ratio of peak A (C=C) to peak C (C-O) of GO and a high 
purity GO:MWNTs increased from 1.7 to 3.5 and 1.3 to 5.9 respectively after being 
reduced by LAA for 48 hours. When comparing between LAA-GO and LAA-
GO:MWNTs, ratio of peak A to peak C increased from 3.5 to 5.9. The relative ratios 
of peak A (C=C) to peak C (C-O) of GO and high purity GO:MWNTs before and after 
reduction by LAA for 48 hours are listed in Table 5.1. The increase in ratio clearly 
indicates the reduction of the oxygen species after LAA treatment; confirming 
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Figure 5.18 - XPS spectra of C 1s of GO before (a) and after (b) reduction and high 
purity GO:MWNTs before (c) and after (d) reduction using LAA for 48 hrs. Peaks A to 
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Table 5.1 - Relative ratios of peak A (C=C) and peak C (C-O) of GO and GO:MWNTs 








5.3.1.3.4 Zeta potential characterization 
After reduction for 48 hrs, LAA-GO and LAA-GO:MWNTs were washed with 
ultrapure Milli-Q water and centrifuged for a few times to remove residued LAA 
from the reduction process, and then redispersed in DMF for electrophoretic 
deposition. The zeta potential of LAA-GO and LAA-GO:MWNTs in DMF were 
investigated to determine the stability and charge of the particles for 
electrophoretic deposition. 
 
LAA-GO and LAA-GO:MWNTs had zeta potentials of -25.0 ± 0.9 and -24.8 ± 0.4 mV 
respectively (Figure 5.19). These values are not much different from the zeta 
potentials of GO and GO:MWNTs in water that were found to be –26.7 ± 1.7 and -
24.4 ± 0.9 mV respectively. This suggests that the colloidal particles of LAA-GO and 
LAA-GO:MWNTs are quite stable in DMF and also the negative charge on LAA-GO 








Relative ratio of peak A to 
peak C  
GO 1.7 
LAA-GO 3.5 
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5.3.1.3.5 Morphological characterization 
Transmitted Electron Detector (TED) images of high purity GO:MWNTs before 
(Figure 5.13a and b) and after reduction (Figure 5.20 a and b) by LAA for 48 hrs 
show that LAA can maintain the interaction between graphene and MWNTs. The 
TED image of LAA-GO:MWNTs after reduction shows the coexistence of these two 
species, without separation or loss of interaction of graphene and MWNTs. In 
addition, after purification and reduction of high purity GO:MWNTs, we can not 
observe free graphene sheets in the TED images (Figure 5.13a and b and Figure 5.20 
a and b). If the interaction was broken down during reduction the TED images 














       
 
 
Figure 5.20 - TED images at 15000x (a) and 40000x (b) of high purity GO:MWNTs 
after reduction by LAA for 48 hrs. 
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5.3.2 Electrode fabrication and electrochemical characterization 
In this section, we report on the fabrication of GO, GO:MWNTs, high purity 
GO:MWNTs, LAA-GO and LAA-GO:MWNTs electrodes using electrophoretic 
deposition on glassy carbon. Fabricated electrodes were tested for electrochemical 
supercapacitor property in 1.0 M sulphuric acid using cyclic voltammetry and 
charge/discharge testing. Capacitances of graphene and graphene:MWNTs were 
calculated from the cyclic voltammograms and charge/discharge curves for 
comparison. 
5.3.2.1 GO, GO:MWNTs and a high purity GO:MWNTs electrodes fabrication 
GO, GO:MWNTs and high purity GO:MWNTs dispersions were electrophoretically 
deposited on glassy carbon substrates (1 × 1 cm2) for 10, 20 and 30 sec to 
investigate the surface coverage of GO and GO:MWNTs on glassy carbon. For 
example, at 30 sec a good surface coverage of GO:MWNTs was obtained (Figure 
5.21). It can be clearly observed that the amount of GO:MWNTs deposited on the 
glassy carbon substrate increased as electrophoretic deposition period increased 
(Figure 5.21a to c) compared with blank glassy carbon (Figure 5.21f). Full coverage 
was achieved at 30 sec electrophoretic deposition. A high magnification SEM image 
at 100000x of GO:MWNTs (Figure 5.21d) shows the interaction between GO sheets 
and MWNTs; as we can see MWNTs laid down on top of and underneath the GO 
sheets. EPD of high purity GO:MWNTs (Figure 5.21e) at 30 sec also shows full 
coverage and synergism between GO sheets and MWNTs as observed for EPD 
GO:MWNTs. Standard conditions were employed where all GO, GO:MWNTs and 
high purity GO:MWNTs were electrophoretically deposited for the same amount of 







   
 
Figure 5.21 - SEM images of EPD GO:MWNTs at 13000x for 10 sec (a), 20 sec (b), 30 
sec (c);, 30 sec at 100000x (d); and EPD high purity GO:MWNTs 30 sec at 13000x (e) 


















5.3.2.2 LAA-GO, LAA-GO:MWNTs electrodes fabrication 
LAA-GO and LAA-GO:MWNTs in DMF were electrophoretically deposited on glassy 
carbon substrates at 90 sec as the deposition rate of LAA-GO and LAA-GO:MWNTs is 
slower than GO, GO:MWNTs and high purity GO:MWNTs aqueous dispersion. The 
slower deposition rate may result from the effect of different solvents used 
(aqueous and DMF). A good surface coverage of LAA-GO and LAA-GO:MWNTs were 
obtained (Figure 5.22a and b) compared with blank glassy carbon (Figure 5.22d). A 
high magnification SEM image at 100000x of LAA-GO:MWNTs (Figure 5.22c) also 
shows the synergism between GO sheets and MWNTs; as observed in the 
electrophoretic deposition of GO:MWNTs and high purity GO:MWNTs. 
 
   
   
 
Figure 5.22 - SEM images of EPD LAA-GO (a), LAA-GO:MWNTs (b) at 13000x, and 
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5.3.2.3 Electrochemical reduction of GO, GO:MWNTs and a high purity 
GO:MWNTs electrodes in Phosphate Buffered Saline (PBS) 
Electrodes fabricated by electrophoretic deposition from GO, GO:MWNTs and high 
purity GO:MWNTs dispersion were subjected to reduction by cyclic voltammetry in 
1.0 M aqueous solution of PBS, pH 7.0. Figure 5.23 shows that the first cycle of the 
cyclic voltammogram of the electrochemical reduction of GO shows a broad 
reduction peak at a potential around -1.2 V while the electrochemical reduction of 
unpurified GO:MWNTs shows a sharp reduction peak at a potential around -0.85 V 
(Figure 5.24) and also a higher peak current. The less cathodic electrochemical 
reduction potential for GO:MWNTs indicates that the electrochemical reduction 
process of GO:MWNTs needed less energy than GO, and the higher peak current 
indicates that GO:MWNTs is more conductive than GO. This can be explained by the 
MWNTs serving as conducting wires in this system and promoting charge transfer in 
the electrochemical reduction [7]. 
 
The first cycle of the cyclic voltammogram of the electrochemical reduction of high 
purity GO:MWNTs (Figure 5.25) shows the same peak potential as for GO:MWNTs, 
but the reduction current is higher. This indicates that high purity GO:MWNTs is 
more conductive than unpurified GO:MWNTs. However, a small broad shoulder is 
also observed that might be due to the MWNTs in the purified GO:MWNTs 
composite where the MWNTs might have a greater influence. It can also be 
observed that, in all cases, the reduction peak only appears during the first cycle. 











Figure 5.23 - Cyclic voltammograms of electrophoretically deposited GO on a glassy 
carbon plate in PBS (0.1 M, pH 7.4) at a scan rate of 50 mV s-1 vs platinum mesh 
counter electrode and Ag/AgCl reference electrode. Cyclic voltammograms of the 


































Figure 5.24 - Cyclic voltammograms of electrophoretically deposited GO:MWNTs on 
a glassy carbon plate in PBS (0.1 M, pH 7.4) at a scan rate of 50 mV s-1 vs platinum 
mesh counter electrode and Ag/AgCl reference electrode. Cyclic voltammograms of 





































Figure 5.25 - Cyclic voltammograms of electrophoretically deposited a high purity 
GO:MWNTs on a glassy carbon plate in PBS (0.1 M, pH 7.4) at a scan rate of 50 mV s-
1 vs platinum mesh counter electrode and Ag/AgCl reference electrode. Cyclic 





































5.3.2.4 Specific capacitance of electrochemically reduced GO (ER-GO), 
GO:MWNTs (ER-GO:MWNTs), and high purity GO:MWNTs (ER-high purity 
GO:MWNTs), and LAA-GO and LAA-GO:MWNTs electrodes 
5.3.2.4.1 Specific capacitance of ER-GO electrodes 
To investigate the electrochemical capacitance of electrochemically reduced GO 
electrodes (ER-GO electrodes), the electrodes were subjected to capacitance testing 
in 1.0 M sulphuric acid in the potential range of 0 to 0.6 V with scan rates of 10, 20, 
30, 40, 50, and 100 mV s-1 (Figure 5.26). It can be seen that the curves for the ER-GO 
electrode are symmetrical but not rectangular. This indicates that ER-GO does not 
behave as a good capacitor and may not be suitable for use as capacitor materials 
 
The capacitance of ER-GO electrodes can be calculated by using Equation 5.1 [20]; 
 
C   
  
2 V m  
 
 
Where C is specific capacitance (Fg-1), Q is charge calculated from area under the 
anodic current peak (mC), V is scanned potential window (V), and m is mass of the 
composite (mg). 
 
A specific capacitance of 27.6 ± 3.1 F g-1 was calculated for ER-GO at a scan rate of 
100 mV s-1. It can be seen that the value of specific capacitance decreases as the 
scan rate increases (Table 5.2) because the lower scan rate needs more time to 
scan. So charge obtained from lower scan rate is higher than charge obtained at 









Figure 5.26 - Cyclic voltammograms of ER-GO electrode in 1.0 M H2SO4 at scan rates 
of 10, 20, 30, 40, 50 and 100 mV s-1 (Platinum mesh was used as counter electrode 
and Ag/AgCl - 3 M NaCl was used as reference electrode). Arrows indicate the 
direction of the potential scan. 
 
Table 5.2 – Specific capacitance of the ER-GO electrode at different scan rates. 
 




10 34.3 ± 6.2 
20 31.6 ± 5.4 
30 30.9 ± 5.1 
40 30.9 ± 4.4 
50 29.8 ± 4.2 
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The galvanostatic charge/discharge curves of ER-GO at different current densities 
with voltage between 0 and 0.6 V are shown in Figure 5.27. The time required for 
charge/discharge characterization decrease as a function of applied current density. 
 
The specific capacitance from the charge/discharge curves can be obtained by using 
Equation 5.2 [21]. 
 
C  
i    T
m    E
 
 
Where C (F g-1) is the specific capacitance obtained from charge/discharge curves, i 
is discharge current, ∆T is the discharge time, m is mass of the composite and ∆E is 
the potential window. A specific capacitance of 11.9 ± 0.2 F g-1 was obtained from 
galvanostatic charge/discharge curves at the current density 0.1 Ag-1. The specific 
capacitance calculated from galvanostatic charge/discharge curves (two electrode 
cells) is lower than the value obtained from the cyclic voltammogram (three 
electrode cells) because specific capacitance was determined using different cell 
systems [22] and the specific capacitance obtained from equation 5.2 was 










Figure 5.27 - Galvanostatic charge/discharge curves of ER-GO electrode in 1.0 M 





























1:   0.1 A g-1 
2:   0.2 A g-1 
3:   0.4 A g-1 
4:   1.0 A g-1 




5.3.2.4.2 Specific capacitance of ER-GO:MWNTs and ER-high purity 
GO:MWNTs electrodes 
Cyclic voltammograms of ER- GO:MWNTs and ER-high purity GO:MWNTs electrodes 
show  good symmetry with rectangular shapes at the highest scan rate (100 mv s-1) 
(Figure 5.28 and 5.29). This suggests that ER- GO:MWNTs and ER-high purity 
GO:MWNTs electrodes show quick charge/discharge processes and also show 
pseudo capacitance behaviour from the oxygen groups on the ER- GO:MWNTs [23]. 
This can be observed at higher scan rates (above 30 mV s-1) resulting in higher 
charge and higher specific capacitance obtained as scan rates were increased (Table 
5.3 and 5.4).  
 
As we expected, the cyclic voltammogram of  ER-high purity GO:MWNTs electrode 
shows a higher current density than ER- GO:MWNTs (Figure 5.28 and 5.29) because 
high purity GO:MWNTs do not contain free graphene which can result in 
capacitance decreasing. Furthermore, MWNTs serve as conducting wires, 
promoting charge transfer in the system. High purity GO:MWNTs contain a higher 
MWNTs ratio than unpurified GO:MWNTs resulting in higher current densities in the 
cyclic voltammograms. The specific capacitance was found to be 58.2 ± 5.0 and 98.4 
± 6.5 F g-1 at a scan rate of 100 mV s-1 for ER-GO:MWNTs and ER-high purity 
GO:MWNTs respectively. These values are respectively double and three and a half 
times that of the specific capacitance obtained from ER-GO. This confirms that 
MWNTs when added to GO improve the capacitance behaviour above that of the 





Figure 5.28 - Cyclic voltammograms of a ER-GO:MWNTs electrode in 1.0 M H2SO4 at 
scan rates of 10, 20, 30, 40, 50 and 100 mV s-1 (Platinum mesh was used as counter 
electrode and Ag/AgCl - 3 M NaCl was used as reference electrode). Arrows indicate 
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Figure 5.29 - Cyclic voltammograms of a ER-high purity GO:MWNTs electrode in 1.0 
M H2SO4 at scan rates of 10, 20, 30, 40, 50 and 100 mV s
-1 (Platinum mesh was used 
as counter electrode and Ag/AgCl - 3 M NaCl was used as reference electrode). 
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Table 5.3 – specific capacitance of ER-GO:MWNTs electrodes at different scan rates. 
 
Scan rate 
 (mV sec-1) 
Specific capacitance  
(F g-1) 
10 48.0 ± 1.4 
20 46.1 ± 7.3 
30 51.3 ± 7.7 
40 56.5 ± 5.8 
50 55.4 ± 5.4 
100 58.2 ± 5.0 
 




 (mV sec-1) 
Specific 
capacitance (F g-1) 
10 79.9 ± 4.8 
20 78.6 ± 10.6 
30 88.6 ± 9.5 
40 98.3 ± 2.7 
50 96.6 ± 1.4 
100 98.4 ± 6.5 
 
 
Specific capacitances of 24.6 ± 0.2 and 42.6 ± 0.5 F g-1 were calculated from 
galvanostatic charge/discharge curves of ER-GO:MWNTs and ER-high purity 
GO:MWNTs electrodes (Figure 5.30 and 5.31) at the current density 0.1 Ag-1. These 
values decreased as applied current densities was increased. The specific 
capacitance values for ER-GO:MWNTs and a ER-high purity GO:MWNTs composites 
obtained from galvanostatic charge/discharge curves are double and three and a 
half times higher than for the graphene electrode alone. However, It can be 
observed that the specific capacitances calculated from galvanostatic 
charge/discharge curves are lower than the values obtained from cyclic 







Figure 5.30 - Galvanostatic charge/discharge curves of ER-GO:MWNTs electrode in 



























1:   0.1 A g-1 
2:   0.2 A g-1 
3:   0.4 A g-1 
4:   1.0 A g-1 





Figure 5.31 - Galvanostatic charge/discharge curves of ER-high purity GO:MWNTs 
electrode in 1.0 M H2SO4 with voltage between 0 to 0.6 V using a two-electrode cell 






























1:   0.1 A g-1 
2:   0.2 A g-1 
3:   0.4 A g-1 
4:   1.0 A g-1 




5.3.2.4.3 Specific capacitance of LAA reduced GO (LAA-GO) and LAA-reduced 
GO:MWNTs (LAA-GO:MWNTs) electrodes 
Cyclic voltammograms of LAA-GO and LAA-GO:MWNTs electrodes show good 
symmetry with rectangular shape at the highest scan rate (100 mv s-1) (Figure 5.32 
and 5.33); as observed for ER-GO:MWNTs and ER-high purity GO:MWNTs. However, 
a pseudo capacitance seem to be more clearly observed in LAA-GO and LAA-
GO:MWNTs electrodes. This pseudo capacitance was obtained from the oxygen 
groups on LAA-GO and LAA-GO:MWNTs and transition of quinine/hydroquinone 
groups for carbon materials [23-26]. This can be clearly observed at higher scan 
rates (above 30 mV s-1) resulting in higher charge and higher specific capacitance 
obtained as scan rates were increased. The specific capacitance at different scan 
rates are listed in Table 5.5 and 5.6. As we discussed previously, LAA-reduced GO 
and GO:MWNTs were not completely reduced as shown by UV-vis spectroscopy 
(Figure 5.14 and 5.15). So, there are oxygen functional groups left on LAA-GO and 
LAA-GO:MWNTs that resulted in the clear pseudo capacitance peaks observed. 
Furthermore, this is supported by the cyclic voltammogram of LAA-GO electrodes 
(Figure 5.32) being different from that of ER-GO (Figure 5.26) which shows tiny 
pseudo capacitance peaks which might be due to the very small amount of oxygen 
content left on ER-GO after electrochemical reduction; in keeping with reports of 
faradaic peak currents being observed in materials with high content in oxygen 
groups [26]. This suggests that residual oxygen groups remaining on the graphene 
sheets are advantageous for supercapacitor applications; as can be observed from 
XPS spectra that the C1s C peak of LAA-GO and LAA-GO:MWNTs (Fig 5.18) still 
remained after reduction while the C1s C peak of GO after reduction had 
disappeared (Fig 3.4). The specific capacitance obtained from LAA-GO and LAA-
GO:MWNTs were 63.5 ± 0.2 and 134.3 ± 7.3 F g-1 at a scan rate 100 mv s-1. These 
values are higher than values obtained from ER-high purity GO:MWNTs electrodes 
(98.4 ± 6.5 F g-1). This specific capacitance of 134.3 Fg-1 for LAA-GO:MWNTs is higher 
than previous studies (in sulphuric acid electrolyte) on thermally expanded GO at 




modified graphene/carbon nanotube hybrid film (120 Fg-1) [5] and  MWNTs-based 




Figure 5.32 - Cyclic voltammograms of LAA-GO electrode in 1.0 M H2SO4 at scan 
rates of 10, 20, 30, 40, 50 and 100 mV s-1 (Platinum mesh was used as counter 
electrode and Ag/AgCl - 3 M NaCl was used as reference electrode). Arrows indicate 
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Figure 5.33 - Cyclic voltammograms of LAA-GO:MWNTs electrode in 1.0 M H2SO4 at 
scan rates of 10, 20, 30, 40, 50 and 100 mV s-1 (Platinum mesh was used as counter 
electrode and Ag/AgCl - 3 M NaCl was used as reference electrode). Arrows indicate 
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Table 5.5 – Specific capacitance of LAA-GO electrodes at different scan rates. 
 
Scan rate 
 (mV sec-1) 
Specific 
capacitance (F g-1) 
10 44.1 ± 0.9 
20 48.0 ± 10.9 
30 55.9 ± 8.9 
40 64.0 ± 5.1 
50 63.0 ± 3.9 
100 63.5 ± 0.2 
 








10 82.5 ± 2.6 
20 76.3 ± 11.7 
30 94.7 ± 10.6 
40 120.1 ± 11.2 
50 120.4 ± 10.6 
100 134.3 ± 7.3 
 
 
Specific capacitance of 31.7 ± 1.1 and 49.5 ± 5.2 F g-1 were calculated from 
galvanostatic charge/discharge curves of LAA-GO and LAA-GO:MWNTs electrodes 













Figure 5.34 - Galvanostatic charge/discharge curves of LAA-GO electrode in 1.0 M 
































1:   0.1 A g-1 
2:   0.2 A g-1 
3:   0.4 A g-1 
4:   1.0 A g-1 






Figure 5.35 - Galvanostatic charge/discharge curves of LAA-GO:MWNTs electrode in 































1:   0.1 A g-1 
2:   0.2 A g-1 
3:   0.4 A g-1 
4:   1.0 A g-1 





We successfully produce aqueous dispersion of GO:MWNTs and high purity 
GO:MWNTs. The stable aqueous dispersion of GO:MWNTs resulted from GO acting 
as a stabilizer for MWNTs and also the interaction between the aromatic carbon of 
graphene oxide sheets and the side-walls of MWNTs through π-stacking 
interactions. High purity GO:MWNTs composites can be mildly reduced using LAA 
that will ensure that the interaction between the graphene and the MWNTs is 
maintained after reduction. ER-GO, ER-GO:MWNTs, ER-high purity GO:MWNTs, 
LAA-GO and LAA-GO:MWNTs colloidal dispersions were used to fabricate electrodes 
by electrophoretic deposition, and their capacitances were shown to be 27.6 ± 3.1, 
58.2 ± 5.0, 98.4 ± 6.5, 63.5 ± 0.2 and 134.3 ± 7.3 F g-1 respectively. LAA-GO:MWNTs 
shows superior specific capacitance than ER-GO:MWNTs because the oxygen 
functional groups on LAA-GO:MWNTs contribute to the pseudo capacitance 
observed in the cyclic voltammograms. The specific capacitance of 134.3 F g-1 for 
LAA-GO:MWNTs is far superior than the results obtained by other researchers who 
investigated the capacitance of graphene with or without carbon nanotubes [5, 27-
29]. These facile preparation methods for producing colloidal dispersion of 
graphene:MWNTs and electrophoretically depositing them to form electrodes will 
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The scope of the work in this thesis encompasses the syntheses of colloidal 
dispersion of graphene and its composites, electrophoretic deposition (EPD) of 
these colloidal materials onto conducting and non-conducting substrates, and the 
application of these novel electrodes in areas including electrochemical catalysis for 
dye-sensitized solar cells and hydrogen generation from dilute acids; 
electrochromics; and supercapacitors.  
 
Composites of graphene with platinum on ITO coated glass for electrochemical 
catalysis 
In Chapter 3, we optimized the fabrication of a graphene layer on ITO coated glass. 
The electrophoretic deposition of graphene on ITO coated glass provided superior 
electrochemical active surface area (ECSA) which was found to be 0.80 cm2 at 30 
sec electrophoretic deposition of graphene compared with bare ITO coated glass 
(0.33 cm2), and full coverage of a graphene layer on bare ITO coated glass was 
observed. We attempted to fabricate graphene-platinum composite electrodes by 
employing electrophoretic deposition layer-by-layer (ITO/G/Pt) of platinum on to 
preformed electrophoretically deposited graphene (without the assistance of a 
linker or any other chemicals to assist in the deposition). Furthermore, a one step 
process was developed where the graphene:platinum composite electrodes 
(ITO/G:Pt) was fabricated by electrophoretic deposition of a graphene:platinum 
composite colloidal dispersion. Both ITO/G/Pt and ITO/G:Pt electrodes at all 
electrophoretic deposition conditions show electrochemical catalysis behaviour in I-
/I3
- for dye-sensitized solar cells (DSSC) and electrochemical catalysis behaviour in 
sulfuric acid for hydrogen generation from acid.  
 
However, comparison of the longest electrophoretic deposition period of platinum 
on graphene/ITO coated glass for 600 sec and electrophoretic deposition of 
nanocomposite graphene:platinum on ITO coated glass for 30 sec illustrated that 




higher percent of visible light transmittance (up to 70 % transmittance) and over 8 
times higher platinum electrochemical active surface area (ECSA m2g-1) for catalysis; 
as the platinum nanoparticle size on electrodes fabricated by electrophoretic 
deposition from nanocomposite colloidal dispersion is much smaller than that of 
electrodes fabricated by layer-by-layer technique (average platinum size is 5 nm for 
electrophoretic deposition from nanocomposite dispersion and 50 nm for 
electrophoretic deposition from Pt nanoparticles in acetone). The ECSA of Pt for the 
electrodes fabricated by the layer-by-layer technique and electrophoretic 
deposition from nanocomposite colloidal dispersion have been determined to be 
5.9 m2g-1 and 49.7 m2g-1, respectively.  
 
The ECSA of Pt (49.7 m2g-1) for the electrode fabricated by electrophoretic 
deposition from nanocomposite colloidal dispersion is much higher than that of the 
drop cast film (16.9 m2g-1) reported by Seger and Kamat [1]. Although Seger and 
Kamat also prepared electrophoretic deposition films, they did not report an ECSA 
Pt value. 
 
Composites of graphene with PEDOT on PVDF membrane for flexible 
electrochromics 
In Chapter 4, we electrophoretically deposited a graphene layer on a non-
conducting Polyvinylidene Fluoride (PVDF) membrane to fabricate a conductive 
graphene electrode to replace indium tin oxide (ITO) on plastic substrates for 
electrochromic devices. Electrophoretic deposition of graphene on PVDF membrane 
was optimized, and it was found that a 10 sec electrophoretic deposition period of 
graphene provided good coverage of graphene on the PVDF membrane but also 
achieve a transmittance up to 85.8 %. PEDOT:PSS layer was optimized by printing on 
to PVDF membrane. Maximum contrast of 26.6 % has been observed for printed 
PEDOT 10 layers with bleaching and colouring times of 8.6 and 46.0 sec 
respectively. 1-ethyl 3-methyl imidazolium bis(trifluoromethylsulfonyl) imide 
[EMI][TFSI] ionic liquid and 1-butyl- 1-methylpyrrolidinium 




this electrochromic system. It was found that [EMI][TFSI] ionic liquid improved the 
electron transfer of PEDOT and was superior in maintaining charge neutrality of the 
PEDOT matrix during the redox processes. For the PVDF/graphene electrode, PEDOT 
(10 layers) printed on electrophoretically deposited graphene (10 sec) showed an 
optical contrast value which is nearly the same as for printed PEDOT of 10 layers on 
blank PVDF membrane. It was found that maximum contrast could be achieved with 
10 layers of PEDOT. However, the  bleaching time decreased from 8.6 sec (printed 
PEDOT 10 layers on blank PVDF membrane) to approximately 6.7 sec, and colouring 
time decreased from 46.0 sec (printed PEDOT 10 layers on blank PVDF membrane) 
to 17.6 sec. This suggests that the graphene layers promoted more efficient PEDOT 
oxidation and reduction resulting in switching times that were faster than PEDOT 
samples without graphene. The electrochromic performance of our PVDF/ 
graphene/PEDOT electrode showed lower contrast and longer switching rate 
compared to previous works but those studies reported on electrochromic devices 
that were prepared on highly conducting substrates such as flexible ITO-PET [2, 3], 
ITO coated glass [4, 5], or ITO-PES (polyethersulfone) [6]. 
 
Composites of graphene with MWNTs for supercapacitors 
In Chapter 5, we synthesized an aqueous dispersion of graphene oxide and multi-
walled carbon nanotubes (GO:MWNTs) composite for electrochemical 
supercapacitors. GO:MWNTs aqueous dispersion was purified by ultracentrifugation 
to obtain high purity GO:MWNTs. Electrodes were fabricated from GO, GO:MWNTs 
and high purity GO:MWNTs aqueous dispersion by electrophoretic deposition on 
glassy carbon to obtain GO, GO:MWNTs and high purity GO:MWNTs electrodes.  All 
electrodes were subjected to electrochemical reduction in PBS to obtain ER-GO, ER-
GO:MWNTs and high purity ER-GO:MWNTs electrodes. ER-GO, ER-GO:MWNTs and 
high purity ER-GO:MWNTs electrodes show capacitances of 27.6 ± 3.1, 58.2 ± 5.0 
and 98.4 ± 6.5 F g-1 respectively at a scan rate of 100 mV s-1. This confirms that 
MWNTs when added to GO improve the capacitance behaviour above that of the 
graphene electrode alone because MWNTs serve as conducting wires which help to 




chemical reducing agent because it encourages a mild reduction that can maintain 
the interaction between GO and MWNTs. LAA reduced GO and GO:MWNTs were 
electrophoretically deposited on glassy carbon to fabricate LAA-GO and LAA-
GO:MWNTs. The specific capacitance of LAA-GO, LAA-GO:MWNTs, were found to 
be 63.5 ± 0.2 and 134.3 ± 7.3 F g-1 respectively at a scan rate of 100 mV s-1. The 
cyclic voltammograms of these electrodes suggest that the superior capacitance 
achievable resulted from the pseudo capacitance behaviour due to the oxygen 
groups on LAA-GO and LAA-GO:MWNTs, and the transition of 
quinine/hydroquinone groups for carbon materials. This specific capacitance of 
134.3 F g-1 for LAA-GO:MWNTs is higher than previous studies (in sulphuric acid 
electrolyte) on thermally expanded GO at 1050 oC (117 F g-1) [7], reduced GO-SnO2 
composite (43 F g-1) [8], polymer modified graphene/carbon nanotube hybrid film 
(120 Fg-1) [9] and MWNTs-based supercapacitor (102 F g-1) [10].  
 
Recommendations for future work 
It is recommended that a GO:MWNTs:RuO2 composite be prepared using a sol-gel 
method [11]. Assembly of RuO2 nanoparticles by deposition along MWNTs and GO 
sheets should be expected to afford an enormous increase in pseudo capacitance, 
observed from both RuO2 and oxygen functional groups on GO and MWNTs, which 
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